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ABSTRACT 
High feed costs in pork industry may lead to lower returns. To improve the gains, 
production cost must be kept minimally. Residual feed intake (RFI) is defined as the 
difference between observed feed intake and expected feed intake based on estimated 
maintenance and production requirements. Selection for low RFI is a solution to rising feed 
costs in pig production. The overall objective of this thesis was to evaluate the effect of 
selection for RFI on blood cell profile of Yorkshire pigs. In order to do this, an experiment 
was conducted comparing differences in number of blood cells of Yorkshire pigs that were 
divergently selected for RFI; estimate the residual correlations between RFI and CBC traits, 
and the heritability estimates of CBC traits. A total of 518 Yorkshire pigs (224 from the high 
RFI line, HRFI, and 274 from the low RFI line, LRFI) were bled between 5 and 6 weeks of 
age in order to obtain CBCs on them. The HRFI line had significantly higher number of 
monocytes, lymphocytes, and basophils compared to the LRFI line, while the LRFI line had 
higher hemoglobin concentration and red blood cell volume (P <0.002). No significant 
correlations were found between CBC’s and RFI across and within the lines (P > 0.05). Of 
the 15 CBC traits that were measured, three were highly heritable (h
2
 ranged from 0.56 – 
0.62, nine were moderately heritable (0.12 < h
2
 < 0.47), and three were low heritable (h
2
 < 
0.12). Since most CBC levels are moderate to highly heritable, our results suggest that there 
is a fairy large genetic component for CBC’s and that selection based on CBC traits can be 
effective. Our results also show that selection for RFI has impacted the number of circulating 
blood cells. In this experiment we studied only healthy animals not under known pathogen 
challenge; therefore, our results cannot be directly applied to such a disease challenge 
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situation. Future direction will be to challenge the animals and determine the effect of a 
challenge on CBC levels. 
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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
High feed costs in the pork industry can greatly affect economic returns and 
profitability. To reduce feed costs, there is a need to select for animals that consume less feed 
and have higher lean gains and feed efficiency. Improvement in feed efficiency would 
promote industry competitiveness and production efficiency (Patience et al., 2012). Residual 
feed intake (RFI) is the difference between observed feed intake and expected feed intake 
based on estimated maintenance and production requirements. The concept of RFI is 
independent of production performance and mature weight (Koch et al., 1963). Therefore, 
selection for low RFI would lower nutrient requirements without compromising performance 
(Basarab et al., 2007). 
A group at Iowa State University (ISU) has developed two lines of Yorkshire pigs 
that differ in RFI with the purpose of studying the biological and physiological basis of feed 
intake and feed efficiency. One line has been selected for decreased RFI over 9 generations 
(LRFI line) and the other was randomly selected for 5 generations (control) and then 
selected for increased RFI (HRFI line). A concurrent study was conducted at the Institut 
National de la Recherche Agronomique (National Institute for Agricultural Research, INRA) 
in France with lines being divergently selected since the onset of the experiment. Both 
groups have reported moderate heritability estimates for RFI (ISU = h
2 
= 0.20 (0.06), Young 
and Dekkers, 2012; INRA = h
2
 = 0.24 (0.03), Gilbert et al., 2007). In the ISU lines, selection 
for RFI resulted in the LRFI line having 241 g/d less RFI and 376 g/d less ADFI than the 
HRFI line after 8 generations of selection (Young and Dekkers, 2012). Multiple studies on 
the effect of selection on production traits (Cai et al., 2008; Boddicker et al., 2011; Gilbert et 
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al., 2007), reproduction traits (Young et al., 2010; Gilbert et al., 2012, Adamic et al., 2012), 
and meat quality traits (Smith et al., 2011; Lefaucheur et al., 2011; Arkfeld et al., 2012, 
2013a, 2013b) have been reported but only one study has been published on the effect of 
selection for RFI on response to a sustained inflammatory stimulus in the ISU population 
(Rakshandeh et al., 2012) and none in the INRA population. Therefore, research on effect of 
selection for RFI on immune system still needs to be investigated. Flori et al. (2011) believes 
that intense selection for production traits may result in animals that are more vulnerable to 
pathogens and may be unable to maintain performance after infection. Additionally, Rauw et 
al. (1998) mentioned that reduced maintenance requirements may increase susceptibility to 
stressors and diseases. Therefore, combining these two ideas, animals selected for decreased 
RFI can be expected to have differing immune functions than animals selected for increased 
RFI. In order to evaluate the immune systems of divergently selected pigs, either a direct or 
an indirect selection method can be applied. 
The direct method includes challenging the animals with pathogens and measuring 
the effect of bacterial strain to the immune system. Animals that are more resistant to a 
challenge would then be regarded as good animals and would be good candidates for 
breeding. However, this method is only effective to a specific pathogen and may result in an 
increase in susceptibility to other diseases if the pathogen is changed (Wilkie and Mallard, 
1999; 2000). An indirect method, on the other hand, involves identification of indicators of 
immune function such as complete blood count (CBC) traits that serves as markers for 
immune capacity to predict a general response to pathogens (Knap and Bishop, 2000). For 
the markers to be useful in a breeding program, they have to be easy to measure, be moderate 
to highly heritable, must have a genetic relationship with disease resistance or disease 
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incidence, and must ideally correlate with production traits (Flori et al., 2011; Vissche et al., 
2002). However, the choice of immune traits for disease resistance or incidence depends on 
our understanding of the immune system (Flori et al., 2011). 
The immune system consists of innate and adaptive systems that work together to 
keep foreign invaders from destroying the host. The innate immune system is the first line of 
defense and does not have memory of pathogens. Its activation depends on the recognition of 
evolutionary conserved pathogen-associated molecular patterns such as lipopolysaccharides 
constituting bacterial walls (Medzhitov, 2001). The adaptive system is the second line of 
defense, consisting of humoral and cell mediated immunity. It is antigen specific and is 
capable of remembering millions of foreign microorganisms via the process of foreign 
antigen representation and results in a phenomenon called immunological memory (Johnson 
et al., 2012). 
General objective 
The overall purpose of this thesis was to evaluate the effect of selection for decreased 
residual feed intake has on the blood cell profile of Yorkshire pigs. In order to do this, an 
experiment was conducted comparing differences in number of blood cells of Yorkshire pigs 
that were divergently selected for RFI; estimate the residual correlations between RFI and 
CBC traits, and the heritability estimates of CBC traits. The long-term goal of this research is 
to develop lines which differ in residual feed intake as a resource population to study the 
biological and physiological basis of feed intake and efficiency in order to develop tools to 
improve feed efficiency. Improving feed efficiency through genetic selection or management 
practices would allow pork producers to reduce total feed costs. 
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Thesis organization 
This thesis is organized into five chapters. Chapter I (the current chapter) provides 
background information, establishing the context for the following chapters. Chapter II is a 
literature review of feed efficiency, the immune system, the effect of thyroid hormones on 
feed efficiency, and blood metabolites as a measure of metabolism. Chapter III includes a 
paper on assessing the differences in number of blood cells of pigs selected for decreased 
RFI. Chapter IV includes general discussion and implications of this study. The final section 
is an appendix on evaluating the relationship between blood metabolites, carcass fat percent, 
and thyroid axis on two lines of Yorkshire pigs, one that is selected for low RFI and a 
randomly selected control line. Some parts of this section will be used in a more in-depth 
paper on which I will be a collaborating author.  
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CHAPTER 2: LITERATURE REVIEW 
The purpose of this chapter is to establish a background for the reader as to the 
importance of the research conducted in this thesis. First, different measures of feed 
efficiency will be discussed with a more in-depth discussion of residual feed intake (RFI) as 
a unique measure of feed efficiency. Next, why one should focus on the immune system, 
with emphasis placed on complete blood count (CBC) traits as a measure of immune system 
function will be discussed. Then the immune system and feed efficiency will be tied together 
followed by a discussion on effect of thyroid hormones on feed efficiency. Finally a review 
of blood metabolites as a measure of metabolic change, an explanation of each blood 
metabolite trait and the mechanisms that explain metabolic changes during feeding and 
fasting will be discussed.  
Importance of feed efficiency in pork production 
The pork industry contributes about $16 billion to the U.S economy and this share is 
even larger worldwide (Patience, 2012). Human population growth has been accelerating at a 
greater speed than before due to advances in medicine and other fields including food 
production. An increase in human population calls for an increase in demand of meat 
products and other protein sources (Steinfeld et al., 2006). Red meat is high in saturated fatty 
acids and its consumption is associated with an increase in cholesterol levels, which may 
increase the risk of coronary heart diseases (Li et al., 2005). On the other hand, regular 
consumption of lean pork, a cheap source of high quality protein, may improve body 
composition and cardiovascular risk factors (Murphy et al., 2012). Feed costs are a growing 
concern for pig producers, contributing approximately 65-75% of total production costs 
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(National Pork Board, 2008). To promote industry stability and competitiveness, there is a 
need to improve feed efficiency. 
When considering the concept of feed efficiency, one has to take into consideration 
that feed consumed by an animal is partitioned for maintenance requirements and for 
production purposes such as growth, reproduction, lactation yield, and egg production. 
Animals with reduced feed intake but with similar outputs as their contemporaries are 
regarded as efficient animals and are capable of reducing the total feed costs in animal 
production. 
Measures of feed efficiency 
There are many different ways to measure feed efficiency, among which are feed 
conversion ratio, gain to feed ratio, gross energy feed efficiency, partial efficiency of growth, 
and residual feed intake. All of the above mentioned measures will be described in detail 
below. 
Feed conversion ratio (FCR) and gain to feed ratio (G:F) 
FCR is a ratio of feed consumed to weight gained and is measured in either kg feed 
per kg gain or lb feed per lb gain. G:F is the inverse of FCR and is measured in either kg gain 
per kg feed or lb gain per lb feed. A pig that consumes 6 lb of feed per day and gains 2 lb per 
day would have a FCR of 6:2 or 3:1 or simply 3. This same pig would have a G:F of 2:6 or 
0.33. Pigs that convert at a high rate, which would mean a lower FCR and higher G:F, are 
highly desirable in animal production. 
FCR and G:F are useful measures of diet quality, environment and management 
practices (Carstens and Tedeschi, 2006). Although that is the case, both FCR and G:F have 
limitations as an efficiency trait for genetic improvement regardless of their moderate to high 
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heritability estimates (Crews, 2005). For example, if Pig 1 eats 3 lb/day and gains 1 lb/day 
has FCR of 3 and Pig 2 eats 6 lb/day and gains 2 lb/day has FCR of 3. Pig 2 would be a better 
pig compared to Pig 1 because of higher growth rate (although they both have the same FCR) 
which results in decreased overhead costs (housing, personnel, etc.). According to Gunsett 
(1984), selection based on ratio traits could result in an unpredictable response to the 
component traits if the genetic variance is different. Selection based on ratio traits assumes a 
linear relationship between the average daily feed intake (ADFI) and average daily gain 
(ADG) while it is actually a combination of both (Betz, 2008). Changes in ratio traits could 
be as a result of a decrease in feed intake  (numerator) or an increase in growth rate  
(denominator) or both and may not necessarily reflect efficiency (Gunsett, 1984; Veerkamp 
and Emmans, 1995). In addition, different animals require nutrients in varying amounts but 
FCR and G:F does not distinguish between them (Veerkamp and Emmans, 1995); therefore; 
selection based on both traits may be inaccurate. 
Gross energy feed efficiency (GEFE) 
Gross energy feed efficiency is the ratio of weight gain to gross energy intake. Just 
like FCR and G:F, it is a ratio trait and, therefore, changes in it can be as a result of changes 
in growth or changes in gross energy intake. Gross energy intake is measured by burning a 
feed sample in excess oxygen using a bomb calorimeter apparatus resting in an insulated 
water tank (McDonald et al., 2002). The food sample is placed in the bomb and oxygen is 
admitted under pressure and heat is measured in an enclosed atmosphere (McDonald et al., 
2002). Some typical gross energy values measured in MJ per kg dry matter were reported by 
McDonald et al. (2002) according to four categories: food constituents [glucose (15.6), starch 
(17.7), fat from oilseed (39.0), etc.], fermentation products [acetic acid (14.6), propionic acid 
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(20.8), butyric acid (24.9), methane (55.0), etc.], ash free animal tissues [muscle (23.6) and 
fat (39.3)] and foods [maize grains (18.5), oat grain (19.6) oat stray (21.4), oat straw (18.5). 
All of the energy values were measured in MJ/kg DM. Factors that cause variation in gross 
energy on farms are body weight, average weight gain/ animal, longetivity and the 
percentage of lifetime an animal spends in the herd, nutritional accuracy in feeding and the 
animal’s efficiency in converting feed into production traits (VandeHaar, 2011). 
Not all-gross energy is digestible, some of it is lost in fecal energy. The fraction of 
energy that is digested (digestible energy) is further partitioned for production of gasses such 
as methane while some of it is lost as urine. Then the remaining energy is metabolisable 
energy and is responsible for supporting various body functions such as growth, heat, 
lactation, reproduction etc. About of third if metabolisable energy is lost as heat and the 
remaining is net energy, which represents the energy, needed for producing outputs given a 
chemical energy for inputs. Animals that use less energy and end up with higher or similar 
outputs as their contemporaries are regarded as efficient animals. However, Moehn et al. 
(2005) mentioned that gross energy is meaningless in pig production because it does not take 
into account the energy lost during ingestion, digestion and metabolism of feed. Moreover, 
1kg of oat straw has the same gross energy content as one kg of maize grain although the pig 
cannot use oat straw due to missing digestive enzymes (McDonald et al., 2002; Moehn et al., 
2005). Therefore, gross energy feed efficiency needs to be further evaluated as an energy 
efficiency trait. 
Partial efficiency of growth 
Partial efficiency growth (PEG) is the ratio of average daily gain (ADG) per unit of 
dry matter intake (DMI) consumed for growth (Cartens and Tedeschi, 2006). To calculate 
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DMI consumed for growth, one can pull the amount of DMI required for maintenance 
straight from the feeding standards (e.g., National Research Council, NRC, 1998) and 
subtract from total DMI. PEG, just like FCR and G:F does not partition feed intake between 
maintenance and growth requirements and, therefore, is a limited trait as an efficiency trait 
(Archer et al., 1999; Berry and Crowley, 2013). The merit of PEG over FCR is having 
genetic (Arthur et al., 2001) and phenotypic correlations (Nkrumah et al., 2004; Lancaster et 
al., 2005) with ADG that are substantively lower than those between ADG and FCR. 
Residual feed intake as a unique measure for feed efficiency 
Koch et al. (1963) was the first to introduce the concept of adjusting feed intake for 
performance traits with the intention of evaluating different measures of efficiency on 
indirect feed utilization and efficiency. In their study, Koch et al. (1963) suggested that feed 
intake should be adjusted for maintenance and production traits and anything that deviates 
from the expected feed intake will separate the efficient from inefficient animals. This trait 
later became known as residual feed intake (RFI). RFI is defined as the difference between 
observed feed intake and predicted feed intake based on estimates of maintenance and 
production requirements (Figure 2.1). Animals that require less feed than expected for 
maintenance and production purposes have a negative RFI value and are desirable in animal 
production to reduce feed costs and improve profitability of production. RFI is 
phenotypically independent of average daily gain (Cai et al., 2008) and other production 
traits such as backfat depth and loin muscle area (Clutter and Brascamp, 1998). Therefore, 
selection based on RFI can lower feed intake without a negative impact on performance. 
There are many different ways to compute RFI records. One is to adjust for NRC or 
statistically adjusting for ADG (Hoque et al., 2009a) or through adding backfat depth (BF) in 
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the model (Basarab et al., 2007; Boddicker et al., 2011) or ADG and BF or ADG, BF and 
loin muscle area in the regression model (Gilbert et al., 2007; Cai et al., 2008). RFI can either 
be estimated using a phenotypic (RFIPhe) or genetic form (RFIgen). The phenotypic RFI 
(RFIPhe) is the component of feed intake that is independent of production traits on a 
phenotypic level while, the genetic RFI (RFIgen) is the component of feed intake that is 
independent of production traits at a genetic level. Hoque and Suzuki (2009b) and Hoque et 
al. (2007) provided an example of the statistical method to calculate phenotypic RFI as 
follows: 
RFIPhe = ADFI - βw(phe) × MWT - βg(phe) × ADG 
where RFIPhe is the phenotypic residual feed intake, ADFI is average daily feed intake, MWT 
is metabolic body weight at midtest, ADG is average daily gain, and βw(phe) and βg(phe) are 
phenotypic partial regression coefficients of an animal’s feed intake on MWT and ADG, 
respectively. However, in pig production, variation in maintenance requirements as predicted 
from the metabolic body weight is not significantly related to feed intake because pigs are 
usually tested at a fixed body weight range (e.g. 30-90 kg; Hoque and Suzuki, 2009b). 
Studies by Nkrumah et al. (2007) and Hoque et al. (2005) calculated the genetic 
regression for RFI as follows: 
RFIgen = ADFI - βw(gen) × MWT - βg(gen) × ADG 
where RFIgen  is genetic residual feed intake, ADFI is average daily feed intake, MWT is 
metabolic body weight at mid test, ADG is average daily gain, and βw(gen) and βg(gen) are 
genetic regression coefficients for MWT and ADG, respectively, and calculated as G-1c 
where G is the genetic covariance matrix of MWT and ADG and c is the vector of the genetic 
covariance of ADFI with MWT and ADG. 
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Factors that contribute to variation in RFI in cattle were given by Richardson and 
Herd (2004) and were 37 % for protein turnover, stress, and tissue metabolism, 10 % for 
nutrient digestion, 10 % for physical activity, 9 % for heat increment of fermentation, 5 % for 
body composition, 2 % for feeding behavior, and 27 % for other factors.  
Two simultaneous experiments have evaluated selecting for RFI. At Iowa State 
University (ISU), one line (LRFI) has been selected for decreased RFI for nine generations 
and the second line (HRFI) was randomly selected for five generations and then selected for 
increased RFI through the ninth generation. At the French Institut National de la Recherche 
Agronomique (National Institute for Agricultural Research, INRA), both lines have been 
divergently selected since the beginning (Gilbert et al., 2007). RFI has been found to be 
moderately heritable in both groups (ISU = h
2 
= 0.20 ± 0.06, Young and Dekkers, 2012; 
INRA = h
2
 = 0.24 ± 0.03 Gilbert et al., 2007). Both groups have demonstrated that selection 
for decreased RFI results in progeny with improved feed efficiency (Gilbert et al., 2007; Cai 
et al., 2008; Bunter et al., 2009; Boddicker et al., 2011). Cai et al. (2008) evaluated 
differences in feed intake between a low RFI and a control line selected up to the fourth 
generation. Their study has shown that selection for decreased RFI has lowered RFI by 96 
g/d in RFI and average daily feed intake by 165g/d (Cai et al., 2008). Boddicker et al. (2011) 
did a similar study on the effect of maintenance and ad-libitum feeding on growth 
performance and carcass composition in the fifth generation of the population from the Cai et 
al. (2008) study. In their study, the low RFI group consumed 8 to 10 % less feed compared to 
the control group with similar growth rate and slight differences in backfat depth and carcass 
composition (Boddicker et al., 2011). Moreover, Young and Dekkers (2012) reported a 376 
g/d less ADFI in the LRFI line compared to the HRFI line after 8 generations of selection. In 
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all the above-mentioned studies, selection for decreased RFI has reduced feed intake and, 
therefore, selection for decreased RFI can reduce overall feed costs in the pork industry. 
Why focus on the immune system? 
In pork production, pigs are routinely exposed to pathogens that can potentially cause 
immune stimulation and redirect the nutrient demand for production traits to support the 
immune system (Williams et al., 1997a,b; Obled, 2003; de Ridder et al., 2012). Animals that 
are not immunocompetent can yield greater losses and inefficiency in pig production. About 
eighty years ago, selection for production traits combined with biosecurity measures, use of 
vaccinations and antibiotics was effective at maximizing the returns in pig production 
(Tribout et al., 2010). Recently, antibiotics in livestock production are administered 
minimally because of consumers’ fear of drug residues in meat and because they may be a 
cause of microbial resistance (Goforth and Goforth, 2000). Hence, different approaches like 
genetic selection for disease resistant animals are needed to address the issue of animal 
diseases in livestock production. 
Some scientists believe that animals which are highly selected for production traits 
may be more susceptible to diseases and stressors and may be unable to maintain 
performance after infection (Flori et al., 2011a; Rauw et al., 1998). Although that is the case, 
only one study is documented in literature to date on the effect of selection for RFI on 
immune system in the ISU RFI experiment (Rakshandeh et al., 2012). In their study it was 
indicated that selection for LRFI may have an effect on a sustained inflammatory stimulus 
(Rakshandeh et al., 2012). Therefore, much response on the effect of selection for RFI on 
immune system still needs to be investigated. 
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An overview of the immune system 
The immune system is a highly complex network of molecules, cells, tissues and 
organs that work together to defend the body against microbes. There are five main steps to 
protecting the host from diseases utilized by the immune system. The first step is creating a 
barrier to keep the pathogens out (the skin, mucous in gut, membranes in respiratory system, 
etc.). This step is referred to as natural immunity, which serves as a first physical or 
mechanical barrier. The second step is immunological recognition: foreign invaders or 
pathogens that are trying to destroy the host must be recognized (Tailor et al., 2005; 
Snowder, 2006; Murphy et al., 2007). This can be achieved by white blood cells that include 
lymphocytes, macrophages, neutrophils, basophils, mast cells, eosinophils, natural killer 
cells, and dendritic cells. The third step is to remove pathogens from the system or destroy 
foreign invaders that are trying to destroy the host; this step brings the complement proteins 
(C1-C4), antibodies, lymphocytes, basophils, eosinophils and other white blood cells to the 
site of infection (Murphy et al., 2007). At this step, it is important for the immune system 
response to be kept under control so that it can separate self and the non-self-antigens in 
order to prevent self-destruction. Following the third step is the fourth step of immune 
regulation or the ability for the immune system to self-regulate, failure of which can result in 
allergies and autoimmune diseases (Murphy et al., 2007). The last step is to protect the host 
against recurring diseases as a result of the same pathogen. The adaptive system is antigen 
specific and it remembers millions of foreign microorganisms via the process of foreign 
antigen representation and results in a phenomenon called immunological memory (Alberts 
et al., 2002a; Johnson et al., 2012a). Therefore, having been previously exposed to 
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pathogens, an individual will then have a stronger response against any recurring infectious 
agents. 
The host has three immune defenses present to fight against infection: natural, innate 
and adaptive immunity. All three are equally important and must be present and functioning 
in order to maintain a healthy status of an individual. 
Natural immunity is immunity that occurs when an individual is directly exposed to 
pathogens. It serves as a first physical or mechanical barrier which is composed of skin, hair, 
membranes, secretions (tears, saliva, mucous, skin secretions, etc.), and grooming behavior 
(twitching, licking, drooling, twinkling, dust rolling, etc.;(Snowder, 2006). This type of 
immunity occurs quickly as a response to challenge but in a non-specific manner. Natural 
immunity is greatly affected by genetic and nutritional components. An example of a genetic 
component to natural immunity was reported by Gibbons et al. (1977) where a group of pigs 
was observed to be resistant to E. coli due to their lack of intestinal cell receptor for bacteria 
to attach. Another example for the genetic component is the nature of Nguni cattle skin, 
which results in resistance to heat stress and external parasites (Musemwa et al., 2008). Their 
skin is thick and shiny; it grows hair in winter for thermal regulation and sheds in summer. 
The parasite infestation in livestock is greatly affected by hair length, hide thickness and skin 
secretions. Nutritional component of natural immunity includes a poor nutrition that can lead 
to lethargy, which could result in animals not performing the natural immunity activities. On 
the other hand, proper nutrition would promote the production of natural immunity 
components and thus, greater protection of the host. Dehydration is also a nutritional concept 
that can result in reduction in the amount of secretions an individual can produce. 
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The innate immune system is commonly referred to as the first line of defense that is 
readily available to vertebrates with the purpose of defending the host from foreign invaders 
(Janeway et al., 2001; Alberts et al., 2002b). This system lacks immunological memory and 
does not target a specific pathogen attacking the host (Medzitov and Janeway, 1998). Its 
recognition of foreign invaders occurs through a number of encoded receptors, which 
recognize molecular patterns on bacteria, fungi and viruses (Medzhitov, 2001; Megnadottir, 
2006). The innate system includes macrophages, neutrophils, eosinophils, basophils, 
monocytes, mast cells, natural killer cells, and dendritic cells. All the innate cells work 
collectively together to protect the individual against host invasion. During host invasion the 
neutrophils, known as the patrol boarders in the body, are the first responders to the site of 
infection. Their job is to take up a variety of microorganisms by phagocytosis and destroy 
those using antimicrobial substances of degrative enzymes (Janeway et al., 2001). 
Macrophages are also part of complement system along with neutrophils. They both work 
together to kill microbes by producing chemicals and powerful degrative enzymes. However, 
the neutrophils are short lived compared to the macrophages. 
Different breeds have been reported to have different immune system responses. For 
example, in a study by Wambura et al. (1998), Bos indicus breeds were reported to have 
higher haemolytic complement activity, which is associated with higher resistance to ticks 
and tick-borne disease as compared to Bos taurus breeds. 
The adaptive system is the second line of defense that is developed throughout the 
lifetime of an individual with the purpose to better protect the host from previously exposed 
pathogens (Alberts, et al., 2002c). This system is antigen specific and it remembers millions 
of foreign microorganisms via the process of foreign antigen representation and results in a 
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phenomenon called immunological memory (Frank, 2002). There are two parts to adaptive 
immunity: cell mediated immunity and humoral immunity. Cell mediated immunity is 
composed of cells that directly invade the pathogens in infected cells. Humoral immunity is 
made up of antibodies that are directed at pathogens. Humoral immunity can be further 
divided into passive, or maternal, immunity and active immunity. Passive, or maternal, 
immunity is passed from the mother to the offspring via colostrum (the first milk an animal 
receives which contains high levels of antibodies). Passive immunity helps young animals 
fight off infection while their own immune system develops (active immunity). Half the 
colostrum absorbed by the young animal is excreted or broken down at 8-16 days post-
partum and most of it will be gone between days 30 and 60 post-partum in calves (Besser et 
al., 1988). Therefore, it is important for young animals to develop their own immune system 
and to produce antibodies to pathogens via exposure in the environment or through vaccines. 
To fight off pathogens, the adaptive system requires a large spectrum of specific receptors. 
The system receives some signals of the nature of the invaders from the innate cells (Murphy 
et al., 2007). Therefore, both systems work together to achieve the same goal of protecting 
the host. 
Direct and indirect ways to evaluate the immune system 
One can evaluate the immune system either directly or indirectly. The direct method 
includes introducing pathogens and testing for resistance/tolerance. Studies in pigs have 
shown that selection for immune response can improve disease resistance to certain diseases 
while increasing susceptibility to other diseases (Wilkie and Mallard, 1999, 2000). 
Alternatively to directly evaluating the immune system, one can evaluate the immune 
response indirectly by choosing immune indicator traits as markers of immune response to 
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measure the immune capacity and predict response to pathogens. For indicator traits to be 
useful as markers for resistance of infectious agents, they should be easily measured, 
heritable, and positively correlated to health or disease resistance (Clapperton et al., 2008; 
Flori et al., 2011b). 
Complete blood count as a unique measure of immune response 
The complete blood count (CBC) assay was created to evaluate a patient’s response 
to therapy, for pre-surgical screening, adjunct to insurance or purchase examination, and to 
detect the immune competency of an animal (Sprayberry, 1999). The CBC contains valuable 
information regarding the health status of the animal and measures the amount of cells that 
circulate in the blood. The CBC assay includes an actual counting of red and white blood 
cells (and some of their components such as hemoglobin) and platelets, as well as some 
derived measures combining these traits. Since blood is a fluid tissue that is circulated 
through the body inside the veins and arteries, it comes into contact with every capillary 
population that the animal possesses and therefore, removes the waste products from the 
peripheral tissues (Chaussabel et al., 2010). In addition to waste removal and transport of 
oxygen to all parts of the body, blood serves as a transport medium of nutrients into the body, 
is a medium of transport for the immune system cells, and maintains the intravascular 
pressure and circulation (Chaussabel et al., 2010). Below is a discussion of traits composing 
the CBC traits. 
White blood cell counts 
White blood cell (WBC) count is the number of leukocytes, or white blood cells, that 
are circulating in the blood and are measured in units of x 103/µL. There are five types of 
WBCs that circulate in blood: basophils, eosinophils, lymphocytes, monocytes, and 
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neutrophils. These can be expressed on an absolute value (cells/µL) or a percentage of total 
leukocytes. All of them are equally important in fighting infections. Basophils, eosinophils, 
monocytes and neutrophils are part of the innate immune system commonly known as the 
first line defense. Their job is to recognize, attack, and remove the wide range of pathogens 
that are trying to defend the host. The lymphocytes, on the other hand, are part of the 
adaptive immune system (second line defense) that remembers millions of pathogens that are 
invading the host (Murphy et al., 2012). All the WBC components work together to defend 
the host and are important part of immune capacity of individuals. 
Red blood cell traits 
Red blood cell (RBC) count is the number of erythrocytes, or red blood cells, 
circulating in the blood and are measured in units of millions/µl. RBCs are the most abundant 
type of cell in the blood stream, representing approximately 40 to 50 % of the total blood 
volume and 99 % of all circulating cells (Elliottt, 2008). Their primary role is to carry 
hemoglobin (Hg), which primarily transports oxygen from the lungs to the tissues and carbon 
dioxide from the tissues to the lungs. Oxygen is a fuel that is needed by the body to allow 
normal regulation of the body. The amount of oxygen in tissues depends on how many RBC 
an individual has and how well they function. RBC count may help to diagnose and/or 
monitor certain diseases that affect production and sustainability of RBC. Therefore, too 
many or too few RBC is an indicator of impairment to the health of an individual. An 
increase or decrease in RBC count should be interpreted in relation with other CBC traits 
such as hematocrit, Hg, and RBC indices. Therefore, all RBC count traits are equally 
important. Latimer et al. (2003) reported the normal range for RBC count in pigs to be 5-7 
10
6
/µL; but they indicated that the traits are different from lab to lab. RBC levels are 
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influenced by breed, age, sex, excitement, and stress of the animal (Sprayberry, 1999; Wang 
et al., 2012). 
Mean corpuscular volume (MCV), mean corpuscular Hg (MCH), and mean 
corpuscular Hg concentrations (MCHC) are collectively referred to as erythrocyte indices 
because they are derived from measurements of other values. MCV is the average size of the 
RBC. It is mathematically calculated using the formula: 
MCV (fl) = (PCV / RBC) * 10 
where PCV is the packed cell volume and RBC is the number of red blood cells. The values 
are given in femotoliters (fl) and represent the mean volume of each RBC. 
MCHC is the average percentage of Hg within a population of cells, taking into account the 
size and number of RBC. It is calculated using the formula: 
MCHC (g/dL) = (Hg / PCV) * 100 
When MCHC increases, it is usually an indication of too much Hg in the RBC. According to 
Sprayberry (1999), there is no true overproduction of Hg by RBC. The difference between 
MCH and MCHC is that MCH represents only the weight of Hg in RBC without considering 
the size of cells. 
Red blood cell distribution width (RDW) is a component of a CBC that measures the 
variation in red blood cell distribution width. It is calculated by the following formula: 
RDW = (Standard deviation MCV/ mean MCV) × 100  
RDW are reported in units of μm. Higher values for RDW indicate a greater variation 
in size while the lower values indicate a smaller variation. 
Hematocrit is the ratio of the volume of RBC to that of the total blood in circulation. 
An improvement in health status of patients was observed in individuals with hematocrit 
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levels above 33% in humans (Foley et al., 1996; Ma et al., 1999).  Latimer et al. (2003) 
published the normal values for hematocrit levels to be 30 to 50 % in pigs and 26 to 35 % in 
piglets but, these values differ from animals of different environment and management 
practices. 
Platelets 
Platelets, also referred to as thrombocytes are the smallest type of blood cells and are 
responsible for blood clotting and sealing any leaks in blood vessels in the case of injury. 
When the platelet count is low, spontaneous bleeding can result. High platelet counts, on the 
other hand, can lead to the formation of a clot in small blood vessels. 
Mean platelet volume (MPV) is a component of CBC that measures the average size 
of platelets in blood. MPV values entail information about platelet production. Higher MPV 
would indicate greater production of platelets and lower MPV would indicate less 
production. 
Heritabilities of complete blood count traits in pig production 
Complete blood count traits play an important role in evaluating the immune response 
of animals. If CBC traits are heritable that would indicate a possibility for genetic 
improvement of the immune system through selection for CBC traits. 
Flori et al. (2011a) studied about immunity traits in 443 Large White pigs that were 
vaccinated against Mycoplamsa hyponeumoiae. The population of their study came from 106 
boars with an average of 4.1  1.7 piglets per boar (Flori et al., 2011a). The animals in their 
population came from 16 different selection herds and arrived at the test station at 5 weeks of 
age without being vaccinated. Pigs were placed in pens of 30 piglets in a post weaning unit 
and were vaccinated against Mycoplamsa hyponeumoiae one day after arrival to the test 
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station. Their heritability estimates for their results were reported as follows: eosinophils 
(0.80 ± 0.21), lymphocytes (0.72 ± 0.21), monocytes (0.38 ± 0.20), neutrophils (0.61 ± 0.20), 
RBC (0.43 ± 0.20), RDW (0.70, nd), hematocrit (0.57 ± 0.03), and platelet counts (0.70 ± 
0.19) (Flori et al., 2011a). In another study by Flori et al. (2011b), the heritability estimates 
for innate and adaptive system reached 0.4 on average (S.E=0.1) and 42 of the 54 measured 
blood traits showed moderate to high heritabilities confirming that immune traits can be 
selected to improve future generations. Studies by Clapperton et al. (2009), Edfors-Lilja et al. 
(1994), and Henryon et al. (2006) have also reported medium to high heritabilities for several 
immune traits such as total number of WBC and WBC subsets. In addition to that, 
Clapperton et al. (2008, 2009) reported the same range of heritabilities with respect to 
neutrophils, eosinophils, monocytes and lymphocytes. Therefore, this suggests that the 
CBC’s have a fairy large genetic component and that selection based on CBC traits can be 
effective. 
Genetic correlations of complete blood count traits with performance 
In order to have a sound breeding program for disease resistance, it is important for 
immune cells to be favorably correlated with health traits and performance and have 
moderate to high heritability estimates (Clapperton et al., 2008). The analysis of health traits 
and production traits is important in selection programs in livestock production (Flori et al., 
2011a). The main goal for any pig enterprise is to make a profit and that is done through 
improvement of production traits. It can be hypothesized that a healthy animal is likely to 
have better weight gain, feed efficiency, and other production traits than an unhealthy animal. 
This is due to the fact that when an individual is sick, the nutrient supply usually utilized for 
maintenance and production traits gets redirected to support the immune system which often 
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results in decreased ADG in the growing animal. Therefore, in the absence of any disease 
symptoms, growth is usually an indicator of health. 
In a study in beef cattle the relationship between CBC traits and RFI values was 
evaluated, his results showed only moderate correlations (r = 0.26) between basophils and 
RFI but very low correlations for other CBC traits (Santana, 2009). So far, this is the only 
study that reported correlations between CBC traits and RFI. Therefore, more research needs 
to be done on estimating the relationships between CBC traits and RFI, especially for pig 
populations. 
Immune system and feed efficiency: how do the two tie together? 
Under normal circumstances, pigs eat for maintenance and production purposes. 
When pigs are kept in a highly pathogenic environment, the nutrient priorities get rearranged 
so that the priority for a pig becomes support of the immune system (Obled, 2003; de Ridder 
et al., 2012). According to Johnson (1999) pigs that are exposed to pathogens tend to have 
reduced feed intake and growth rates even with no obvious sign of sickness (Johnson, 
2012b). The chronic reduction of production traits may be due to immune stress, which 
redirects the nutrient demands for production to support the immune stimulation (Johnson, 
1999). Efficient animals require less feed to support the immune system, for growth and 
maintenance as compared to the inefficient animals. In addition, they possess a unique 
feature of being able to contend with pathogens and prevent most negative effects of 
infection while the inefficient animals may not (Johnson, 2012b). To get high returns, it is 
important for pig producers to select for efficient animals that eat less and still maintain 
immunocompetency. 
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Residual feed intake and the immune system 
Some scientists believe that too much selection for traits of economic importance may 
have a negative impact on the strength of the immune system, resulting in a weak and 
vulnerable immune system which may not be able to withstand stressors and diseases (Flori 
et al., 2011a; Rauw et al., 1998). Dunkelberger et al. (2013) evaluated the effect of 
challenging pigs with porcine reproductive and respiratory syndrome virus on two lines of 
pigs divergently selected for RFI (ISU population). Their results showed a higher viral load 
(VL) in the HRFI line than the LRFI line and a higher ADG in the LRFI pigs than the HRFI 
pigs although the differences between lines were not statistically significant. This study 
provides evidence that the immune system of LRFI pigs are not compromised in such a 
manner that ADG and VL differed from the HRFI pigs (Dunkelberger et al., 2013).  
Rakshandeh et al. (2012) evaluated the effect of selection for RFI in response to a 
sustained inflammatory stimulus. Their results have shown that selection for low RFI has 
increased apparent fecal digestibility (AFD) with no effects on apparent ilea digestibility 
(AID) of nutrients. In addition, selection for low RFI reduced the total tract digestive 
capacity of growing pigs during immune system stimulation. In their study they concluded 
that immune system stimulation affects both ALD and AFD of dietary nutrients and may 
contribute to variation in RFI (Rakshandeh et al., 2012).     
The thyroid hormones 
The thyroid hormones, triidothyronine (T3) and thyroxine (T4) are thyrosine based 
hormones that are responsible for regulating metabolism, thermoregulation, growth and 
development but their involvement in feed efficiency is yet to be understood (Lkhagvardoj, 
2010). Iodine is necessary for the production of T3 and T4 therefore; too much or too little 
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iodine can lead to a shortage or overproduction of T3 and T4. T4 is known as the major form 
of thyroid hormone and is the manufacturer for T3 through deiodination. Too much or too 
little thyroid hormones in an individual can greatly affect performance. Previous studies have 
shown that selection for RFI affects thyroid hormone production (Gabarrou et al., 2000). An 
attempt to understand the mechanisms involved for improved feed efficiency we shall review 
the effect of thyroid hormones in feed efficiency and the impact of thyroid hormones on 
weight status.  
Effect of thyroid hormones on feed efficiency 
A few reports on thyroid concentrations in chicken and pigs with regards to response 
to selection for RFI are available in literature today but the results are inconsistent. In a study 
by Gabarrou et al. (2003) in cockerels, plasma T3 concentration was significantly higher in 
the higher RFI group in fed state versus lower RFI group but the direction was opposite in 
the fasted state with a tendency of significance between the lines. However, T4 was 
significantly higher in the higher RFI group in a fasted state and not significantly different in 
the fed state (Gabarrou et al., 2003). A study by Lkhagvadorj (2010) showed a 30% higher 
concentration of FT3 concentration in a low RFI line compared to the control line across all 
feeding treatments (100% adlibitum, 75% adlibitum, 55% adlibitum and maintenance). Lines 
selected for leanness had piglets with lower concentration of plasma T3 and T4 than the 
piglets from fatter control lines (Stone et al., 1985; Herpin et al., 1993). However, when four-
month-old genetically obese gilts were evaluated, the thyroid hormone profile showed an 
opposite response with higher T3 circulating in control pigs and no significant difference 
observed in FT4 (Yen and Pond, 1985). 
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An improvement in weight gain as a result of supplementing diets with T3 was shown 
in chickens (May, 1980; Leung et al., 1985; Suthama et al., 1989; He et al., 2006) and in pigs 
(Cho et al., 2000); however, the efficiency was dose dependent and the response was 
different between T3 and T4. In a study by May (1980) chickens were fed with corn -
soybean meal diets that were supplemented with either T3 or T4 in five trials. The results 
showed a significant weight gain in four trials but chickens that were supplemented with T3 
at 1.00 ppm had poor weight gain than the control group but T4 at the same dosage did not 
adversely affect weight gain. Their results proved that the birds have a different response to 
T3 and T4. 
In a study by Leung et al. (1985), dwarf pullets were fed either T3 or T4 at 0.1, 1.0, 
and 10.0 ppm. Their results showed a poor growth rate in birds that were fed T3 or T4 at 10.0 
ppm than the control group while the pullets that were supplemented with 1.0 ppm of T3 
showed significantly better feed efficiency than the control group (Leung et al., 1985). 
Suthama et al. (1989) reported an improvement in feed efficiency and muscle protein 
synthesis as a result of administering T4 at 1.2 ppm in broiler chickens. In another study by 
He et al. (2006) interestingly 0.1 mg/kg was reported to improve growth and muscle protein 
accumulation in chickens while 0.5 mg/kg lowered growth.  Combining the three studies 
together, it is clear that the value of supplementing diet with thyroid hormones is dose 
dependent. According to Ford (2001), a slight increase in thyroid hormone can be anabolic in 
pigs whereas large increases are catabolic. Therefore, with right dosage of dietary thyroid 
concentrations, growth and development of an animal can be maximized. 
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Impact of thyroid hormones on weight status 
Hypothyroidism is associated with weight gain while hyperthyroidism is associated 
with weight loss. The body condition of an individual is highly influenced by the relationship 
between the amount of feed intake and energy use. The thyroid hormones are responsible for 
cellular processes that are relevant for resting energy expenditure but the mechanism that 
drives it is not yet known (Onur et al., 2005). According to Reiner (2010), the thyroid 
hormones are responsible for controlling behavior which is related to the basal metabolic rate 
of an individual. A study by Nyrnes et al. (2006) reported a positive correlation between 
thyrotrophin (TSH) and body mass index (BMI). In addition, a positive correlation between 
weight gain and TSH exists (Knudsen et al., 2005). Therefore, thyroid function could be used 
to determine weight status of an individual. High TSH concentrations are associated with 
higher than normal ranges of T3 in individuals that are often found in overweight individuals 
(Reinehr, 2010). The changes in thyroid hormones of the individuals is as a result of obesity 
rather than a cause and, therefore, is an adaptation process since a rapid weight loss is 
associated with a reduction in TSH and T3. 
Blood metabolite profiling as a measure of metabolic change 
Blood metabolite profiling is a technique that is used to evaluate the concentration of 
blood compounds or ‘metabolic signatures’ that serve as markers to assess specific 
biochemical response of an individual. Blood metabolite profiling has also been suggested 
for use as a diagnostic tool for reproductive analysis, metabolic disorders, and nutritional 
status of individuals (Eicher, 2003). Researchers have applied blood metabolite profiling to 
improve feeding management, sub-clinical health problems, and prevent disease production 
in animal production (Adams et al., 1978; Kinda et al., 2002a; Eicher, 2003). 
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Kinda (2002b) evaluated the practicability of using blood metabolite profiling in 
dairy herds as a way to prevent periparturient diseases. Herds with high incidence of 
periparturient diseases showed low blood values of hematocrit, albumin, glucose, cholesterol, 
calcium, and magnesium levels during dry period but when feed was abundant the values 
went to normal (Kinda, 2002b). Therefore, results from the Kida (2002b) study correctly 
diagnosed malnutrition as the cause of the peripaturient disease in dairy production. 
According to Whitaker (2004), blood profiling is also useful to identify the nutritional 
shortcomings before productivity is compromised. Russel and Wright (1983) reported some 
changes in body weight and composition as a reflection of nutritional capability of individual 
animals. Therefore, blood metabolites combined with the physical evaluation of an animal 
can to assess the energy status, management practices, and nutritional status of an animal. 
Fernandez et al. (2007) analyzed some blood metabololite traits that were indicative 
of animal’s energy status, among which was non-esterified fatty acids (NEFA), glucose, 
triglycerides, and β-hydroxybutyrate . In their study a multi-factorial analysis was done to 
determine the relationship that existed between different variables. Their results showed that 
NEFA presented the closest relation with intake of metabolisable energy, capable of 
indicating the animal’s energy status. The results by Fernandez et al. (2007) were in 
accordance with the results by Stengarde et al. (2008) where NEFA was closely related to 
body conditioning score losses, supporting its usefulness in diagnosing herd problems. 
Components of blood metabolites 
Blood metabolites consist of carbohydrates such as glucose, electrolytes (calcium, 
potassium, sodium, and magnesium), lipids (triglyceride, lipemic, NEFA), enzymes 
(creatnine kinase), protein (albumin, billirubin), and waste products (BUN, creatnine). All 
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vertebrates face the possibility of food limitations at some point in their lives and the 
response to feed limitations has an effect on blood metabolites parameters and the need for us 
to review different strategies that animals use when they are faced with challenges.  
Carbohydrates 
According to Porter and Gates (1969), all the processes of life require energy to do 
work, thus a continuous supply of energy is necessary for an animal’s survival. Blood 
glucose is the primary source of energy for energy metabolism by cells and is commonly 
measured when the animals undergo fasting. During fasting, the blood glucose initially gets 
lowered (Russell and Gahr, 2000) and the lower than normal levels of glucose 
(Hypoglycemia) recovers at the expense of stored hepatic glycogen, by secreting glucagon 
from the pancreas back to normal levels (Guyton and Hall, 2000). Some animal species like 
gold fish overcompensate their blood glucose levels in response to starvation induced 
hypoglycemia (Chavin and Young, 1970), however, not all animals undergo hypoglycemia 
after fasting (Rodriguez at al., 2005). According to McWilliams et al. (2004), the ability of 
animals to move, channel and oxidize lipids has a greater influence on their ability to retain 
glucose levels circulating in blood. 
Electrolytes 
Electrolytes are molecules that dissociate into negatively and positively charged ions. 
They are essential for maintaining fluid balance and homeostasis. An electrolyte imbalance 
can negatively affect the fluids in its body and eventually negatively affect all other systems 
because the transport system will be compromised. Therefore, it is important to keep the 
electrolytes constant i.e. electrolytes lost should be equal to electrolytes consumed to 
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maintain balance and stability of the body. Examples of electrolytes include calcium, 
potassium, chlorine, magnesium, sodium and phosphate.  
Lipids 
Lipids are relatively simple molecules also known as fats.  Fats are made of a glycerol 
molecule connected to three fatty acid chains to make a triglyceride. Free fatty acids, 
glycerol, and lipoproteins are often used to measure the amount of lipids circulating in blood. 
In general, lipids have an advantage of being stored in specialized adipose tissues that have 
very little water content and high energy density with low mass specific metabolic 
requirements (Cahill, 1976) over classes of macromolecules. 
When feed is abundant, ingested feed gets partitioned for maintenance and production 
traits and surplus is stored as energy reserves (Blaxter, 1989). During feed restriction, the 
animals use their energy reserves from glycogen (Phase1), then lipids (Phase 2) for 
maintaining homeostasis and to provide energy for the central nervous system and other 
critical organs. Different animals can tolerate different reduction in lipid depletion during 
starvation, ranging from 20-70% loss of lipids (Lamosova et al., 2004; Yokota et al., 1992). 
Protein 
Some scientists consider proteins as the animal’s last resort when examining the 
effect of fasting in animals (Hervant et al., 2001), and the shift from lipid breakdown to 
protein breakdown is thought to occur when the lipid stores are exhausted (Caloin, 2004).  
Some animals have a potential to recycle endogenous proteins, reduce gluconeogenic 
requirements or minimize the net protein loss during feed deficit (Holecek et al., 2001; 
Battley, et al., 2001). However, the amount of N loss is unsustainable and that result in 
protein wasting (Meijer et al., 1999).  
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Blood urea nitrogen 
Blood urea nitrogen (BUN) measures the amount of nitrogen that comes from urea 
when protein is catabolized in the body and N in the form of urea is passed out as urine 
(Kaushik and Medale, 1994; Rea et al., 2000).  Urea is made in the liver; and BUN is 
therefore a waste product that is filtered out of the body by the kidneys. Higher BUN levels 
may indicate problems with kidney function, an increase in protein breakdown, or excess 
ingested protein. Studies have been reported on a gradual reduction of BUN levels that 
indicate a decline in animal’s reliance on protein break down (Nascimento et al., 2012; Rea 
et al., 2000 and Mazzali et al., 2001). When vertebrates undergo feed restriction, they rely on 
their energy reserves through reduction in protein catabolism and or urea recycling (Nelson 
et al., 1975).  
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Figure 2.1. Observed vs. expected feed intake. Feed intake would be expected to increase 
with increased growth and backfat depth. The blue line is where observed feed intake is equal 
to expected feed intake. The difference between a pig’s observed feed intake and its expected 
feed intake is its residual feed intake. Pigs above the blue line consume more feed than 
expected and have poor feed efficiency. Pigs below the blue line consume less feed than 
expected and have better feed efficiency. 
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Figure 2.2: An overview of the immune system. 
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CHAPTER 3: ASSESSING THE IMMUNE PROFILE OF YORKSHIRE PIGS 
DIVERGENTLY SELECTED FOR RESIDUAL FEED INTAKE 
Abstract 
The cost of feed is a serious issue in the pork industry, contributing about 65-75% of the total 
production cost. To prevent economic losses and decreased productivity of the herd, it is 
important to select for efficient animals. Residual feed intake (RFI) is the difference between 
observed feed intake and expected feed intake based on estimated maintenance and 
production requirements. Selection for decreased RFI, or more efficient animals, is a 
potential solution to higher feed costs in pig production. However, animals that are highly 
selected for decreased RFI may have reduced immune function and fail to withstand diseases 
and stressors after infection, thus negatively impact profitability. The objective of this study 
was to evaluate the status of the immune profile of 2 divergent lines of Yorkshire pigs 
selected for RFI. In order to do this, blood samples were drawn for a complete blood count 
(CBC) analysis from 517 gilts and barrows, ages 35-42 d, across both lines. In general, the 
low RFI line had lower numbers of specific types of white blood cells but higher hemoglobin 
concentration and red blood cell volume compared to the high RFI line. No significant 
correlations were found across and within the lines between CBC traits and RFI (0.05 < P < 
0.1). Of the 15 CBC traits that were measured, 3 were highly heritable (0.56 < h
2 
< 0.62), 9 
were moderately heritable (0.12 < h
2 
< 0.47), and 3 were lowly heritable (h
2 
< 0.12), 
suggesting a fairy large genetic component for CBC traits and that selection for CBC traits 
could be effective. Our results also show that selection for RFI has impacted the number of 
circulating blood cells. In this experiment, we studied only healthy animals which were not 
under known pathogen challenge; therefore, our results cannot be directly applied to a 
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disease challenge situation. Future work will be to challenge the animals and determine the 
effect of challenge on CBC levels. 
Introduction 
During production, pigs are exposed to pathogens that can cause infection, slow 
growth, and redirect the nutrient demand for production traits to support the immune system 
(Obled, 2003; De Ridder et al., 2012). Feed costs are a major expense in the industry, 
contributing about 65-75% of total production costs (National Pork Board, 2008). To prevent 
major losses of productivity due to feed costs, it is important to select for animals that eat less 
yet have similar production values as their contemporaries. 
Residual feed intake (RFI) is the difference between observed and expected feed 
intake based on estimated requirements for maintenance and production. Residual feed intake 
is phenotypically independent of average daily gain (Cai et al., 2008) and other production 
traits such as backfat depth and loin muscle area (Clutter and Brascamp, 1998). Therefore, 
selection based on RFI can lower feed intake without a negative impact on performance. 
A group at Iowa State University (ISU) has successfully developed two lines of 
Yorkshire pigs that differ in RFI with the purpose of studying the biological and 
physiological basis of feed intake and feed efficiency. One line has been selected for 
decreased RFI over 9 generations (LRFI line) and the other was randomly selected for 5 
generations (control) and then selected for increased RFI (HRFI line). A concurrent study 
was conducted at the Institut National de la Recherche Agronomique (National Institute for 
Agricultural Research, INRA) in France, with two lines being divergently selected since the 
onset of the experiment. Both groups have reported moderate heritability estimates for RFI 
(ISU = h
2 
= 0.20 (0.06), Young and Dekkers, 2012; INRA = h
2
 = 0.24 (0.03), Gilbert et al., 
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2007). In the ISU lines, selection for RFI resulted in the LRFI line having 241 g/d less RFI 
and 376 g/d less ADFI than the HRFI line after 8 generations of selection (Young and 
Dekkers, 2012). Studies have been carried out on the effect of selection for RFI on 
production traits (Cai et al., 2008; Boddicker et al., 2011; Gilbert et al., 2007), reproduction 
traits (Young et al., 2010; Gilbert et al., 2012, Adamic et al., 2012), and meat quality traits 
(Smith et al., 2011; Lefaucheur et al., 2011; Arkfeld et al., 2012, 2013a, 2013b). However, 
only one study has been published on the effect of selection for RFI on response to a 
sustained inflammatory stimulus (Rakshandeh et al., 2012). Therefore, research on effect of 
selection for RFI on immune system still needs to be investigated. Some scientists believe 
that animals that are highly selected for production traits may be more susceptible to diseases 
and stressors and may be unable to maintain performance after infection (Rauw et al., 1998; 
Flori et al., 2011). The objectives of this study were to determine the effect of selection for 
RFI on immune competency through measuring complete blood count (CBC) traits in pigs 
from the LRFI and HRFI lines at ISU, to estimate the heritability of CBC traits across the 
lines, and to estimate phenotypic correlations between CBC traits and RFI within and across 
the two lines. 
Materials and methods 
The experimental protocols for this study were approved by the ISU Institutional 
Animal Care and Use Committee (project # 11-1-4996-S). 
Animals and data collection 
Starting in 2001, a population of purebred Yorkshires was used to select a line of pigs 
for decreased RFI (LRFI line) to compare to a line (HRFI line) that was initially randomly 
selected and then selected for increased RFI starting in generation 5. Details on the 
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establishment of these lines can be found in Cai et al. (2008), Bunter et al. (2010), and Young 
and Dekkers (2012). Animals for this study came from the second parities of generations 8 
and 9. Between 18 and 30 d of age, piglets were weaned and vaccinated for porcine 
circovirus type 2 and Mycoplasma hyopneumoniae using Circumvent PCV-M (Merck 
Animal Health, Summit, NJ). At weaning, they were placed in 1 of 5 nursery rooms 
containing 14 pens with a 3-space feeder and 1 nipple-type waterer to provide ad libitum 
access to feed and water. Between 35 and 42 d of age, blood samples were collected from the 
jugular vein; 1 group of 43 pigs was bled slightly later (d 42-47) due to inclement weather. In 
all, 3 groups were collected in generation 8 and 4 groups in generation 9. Samples were 
stored in a cooler on ice and sent to ISU Clinical Pathology Laboratory for CBC analysis 
within 6 hr. The CBC traits measured were grouped according to 3 categories: 1) numbers of 
types of white blood cells, represented by number of white blood cells (WBC), lymphocytes, 
basophils, neutrophils, monocytes, and eosinophils; 2) components of red blood cells, 
represented by red blood cell count (RBC), hemoglobin concentration (Hg), hematocrit 
percent, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean 
corpuscular hemoglobin concentration (MCHC), and red blood cell distribution width 
(RDW); and 3) components of platelet cells, represented by platelet count and mean platelet 
volume (MPV). Once in finishing, pigs were fed either a high energy, low fiber diet (HELF; 
3.31 Mcal ME/kg, 9.5 % NDF) or a low energy, high fiber diet (LEHF; 2.91 Mcal ME/kg, 
24.6 % NDF). Feed intake, BW taken every 2 wk, and 10
th
 rib backfat depth (BF) were 
recorded to estimate RFI at the end of the test period. Feed intake was recorded using single-
space electronic feeders (Feed Intake Recording Equipment, FIRE©, Osborne Industries, 
Inc., Osborne, KS). BF was evaluated at the end of the test period by ultrasound using an 
49 
 
 
Aloka 500V SSD ultrasound machine fitted with a 3.5-MHz, 12.5-cm, linear array transducer 
(Corometrics Medical Systems Inc., Wallingford, CT). RFI was calculated as: 
RFI = ADFI – (intercept + β1*ADG + β2*BF + β3*MBW + β4*ONWT + 
β5*OFFWT + β6*ONAGE + pen effect) 
where ADFI is average daily feed intake; β1 through β6 are regression coefficients for ADG, 
BF, MBW, ONWT, OFFWT, and ONAGE, respectively; ADG is average daily gain; BF is 
10
th
 rib backfat depth at end of test period; MBW is metabolic BW calculated as the average 
BW while on test raised to the 0.75 power; ONWT is BW of pig at start of test period; 
OFFWT is BW of pig at end of test period; and ONAGE is age of pig at start of test period. 
The pens with FIRE feeders only have a capacity of 168 pigs per group (14 pigs/pen x 
12 pens); therefore, not all pigs that were bled and have CBC data were measured for RFI. 
Numbers of pigs with CBC and RFI data are presented in Table 1. 
Statistical analysis 
The CBC data were analyzed using the mixed procedure in SAS 9.32 (SAS Institute, 
Cary, NC). Line, sex, generation, and bleed group were fitted as fixed effects in the model. 
Bleed age and wean-to-bleed interval were fitted as covariates. Sire and dam were fitted as 
random effects. Interactions of line and sex with generation, bleed age, and wean-to-bleed 
interval were tested and removed from the model if not significant (P > 0.1). Significant 
interactions included were line by bleed age for MCV; sex by age for basophils, MCV, 
MCH, and RDW; and line by wean-to-bleed interval for monocytes and basophils. Residuals 
for CBC traits were outputted and used to estimate correlations with RFI using PROC CORR 
in SAS within and across all line by diet combinations. 
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Heritabilities were estimated using AS-REML (Gilmour et al., 1995). Fixed effects 
fitted were line, sex, generation, and bleed group. Bleed age and wean-to-bleed interval were 
fitted as covariates. Random effects included were animal as a genetic effect and litter as a 
common environmental effect. 
Results 
Effect of selection for RFI on line differences in CBC traits 
The HRFI line had significantly higher counts of monocytes, lymphocytes and 
basophils (P < 0.007) per µl compared to the LRFI line (Table 2). On the other hand, the 
LRFI had significantly higher Hg, hematocrit, MCV, MCH, and MCHC values compared to 
the HRFI line (P < 0.009). There were no line differences in platelet traits (P > 0.4). 
The effect of sex on CBC traits across selection lines 
Total WBC (P = 0.002) and neutrophil (P = 0.004) levels were significantly higher in 
barrows than gilts (Table 3). In addition, barrows had a tendency to have higher lymphocyte 
(P = 0.09) and eosinophil (P = 0.07) counts than gilts. Hg, hematocrit, MCV, MCH, and 
MPV were significantly higher in gilts than barrows (P < 0. 0006). However, the RDW levels 
were significantly higher in barrows than in gilts (P < 0.0001). There were no sex differences 
found in platelet levels (P = 0.31) but the MPV trait was statistically significant between sex 
(P < 0.0001). 
Correlations of RFI with CBC residuals 
Our results showed no significant correlations across lines and diets between RFI and 
CBC residuals in all CBC traits (Table 4). However, a tendency for a positive correlation 
(0.05 < P < 0.1) was observed between RFI and residuals for total WBC, monocytes, MCH, 
and MCHC in the HRFI line under the HELF. 
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Heritability estimates for the CBC traits 
Several immune traits, specifically eosinophils, RBC, Hg, and MCV, were highly 
heritable, with heritabilities ranging from 0.47 ± 0.24 to 0.62 ± 0.25 (Table 5). Total WBC 
count, neutrophils, lymphocytes, monocytes, MCH, RDW, and MPV were moderately 
heritable (h
2
 ranged from 0.15± 0.19 to 0.38 ± 0.25). Weak heritability estimates were 
observed for basophils, hematocrit, and MCHC (h
2
 ranged from 0.04 ± 0.16 to 0.12 ± 0.19). 
Discussion 
Our results have shown a statistical evidence of differences in the numbers of 
lymphocytes, basophils, and monocytes circulating in blood between lines that were 
divergently selected for feed efficiency based on RFI, with the LRFI line having lower levels 
of those traits compared to the HRFI line (P < 0.002). In addition, the LRFI line had lower 
levels of total WBC and eosinophils than the HRFI line although these differences were not 
statistically significant (P > 0.1). The differences in number of blood cells could be caused by 
several mechanisms, with the first being that the LRFI line may be more efficient by 
producing lower but sufficient levels of WBC, lymphocytes, basophils, monocytes, and 
eosinophils than the HRFI line. Conversely, the HRFI line may be producing more of these 
immune cells than is needed for the farm environment they are housed in; therefore, HRFI 
pigs are wasting energy in the higher production of those cells relative to LRFI line. This 
mechanism assumes that the environment to which the pigs were exposed might have 
sufficiently low levels of pathogens to allow the LRFI line to express this lower immune cell 
production without detrimental effects. The second mechanism could be that selection for 
decreased RFI might have altered regulation of the immune system of the LRFI line such that 
it is able to react less to environment stimuli compared to the HRFI line which had higher 
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circulating levels of several immune cell types. A commercial pig is constantly exposed to 
pathogens which are likely to cause immune stimulation (De Ridder et al., 2012). Similar to a 
commercial setting, our experiment was conducted in a non-sterile environment and both 
lines were exposed to the same conditions. Granulocytes, i.e. neutrophils, eosinophils and 
basophils, are produced in increased numbers during an immune response when they leave 
the blood to migrate to the site of infection (Murphy et al., 2012). In our case, the LRFI line 
had lower levels of eosinophils and basophils than the HRFI line which could be due to a 
greater mobilization of neutrophils into the peripheral tissues by the LRFI line; however, 
blood samples were collected from ostensibly healthy pigs. Further, if the LRFI pigs were 
exposed to an undetected infection, an increase in lymphocytes would be expected but the 
opposite was observed. Thus the alternative mechanism that the LRFI pigs have a lowered 
sensitivity to immune stimuli may be able to explain the maintenance of a lower level for all 
WBC types. 
The scope of our study does not allow us to conclude which line will perform better 
after infection because we did not challenge the animals. In addition, it does not describe 
differences in CBC traits at different time points because we only measured the blood once at 
the post-weaning stage. However, in a concurrent study conducted by Dunkelberger et al. 
(2013) on the effect of infecting the HRFI and LRFI lines from generation 8 with porcine 
reproductive and respiratory syndrome virus on ADG and viral load (VL). There was no 
statistical evidence of differences between the lines for ADG or VL following challenge; 
however, the LRFI line had numerically higher ADG than the HRFI line under challenge and 
a numerically lower VL. When combining our results with the results obtained by 
Dunkelberger et al. (2013), both studies support the second mechanism, which states that 
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selection for decreased RFI has improved the immune system regulation. Richardson et al. 
(2002) found different results compared to ours when evaluating the blood cell profiles of 
steer progeny from parents selected for low and high RFI. In their study, the high RFI group 
had greater counts of neutrophils and fewer lymphocytes and WBC compared to the low RFI 
group. Differences in our results and the results by Richardson et al. (2002) could be due to 
the fact that their study was based in cattle and their animals were transport challenged. 
Animals of different species, environment, breed, sex, age and behavior have different CBC 
levels (Sprayberry, 1999; Wang et al., 2012). 
Our results have also shown a statistical evidence of differences between lines for 
RBC traits, with the LRFI line having significantly higher levels of Hg, hematocrit, MCV, 
MCH and MCHC than the HRFI animals (P < 0.002). Higher Hg and RBC levels may 
indicate that LRFI pigs can more efficiently provide oxygen to muscle and other aerobic 
tissues. In a study by Evans and Turner (1965), RBC or packed cell volume and Hg were 
positively correlated to growth rate. In our study, we did not measure growth rate between 
the lines; however, in a concurrent study by Dunkelberger et al. (2013), the low RFI line had 
higher ADG compared to the high RFI line. Therefore, selection for decreased RFI line has 
improved the growth performance in pigs. In contrast to our study, Richardson et al. (1996) 
found that MCH, MCV, and Hg were lower in the low RFI group compared to high RFI 
group. The differences between their study and ours could be attributed by differences in 
species since CBC levels differ with age, species, breed, sex and behavior (Sprayberry, 1999; 
Wang et al., 2012). 
The reference ranges for hematological profile is influenced by sex, among other 
factors (Bain, 1996); our results have confirmed this fact. Total WBC, neutrophils, and RDW 
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were significantly higher in barrows compared to gilts while Hg, hematocrit, MCV, MCH, 
and MPV were significantly higher in gilts compared to barrows (P <0.003). In a study by 
Bain (1996), Caucasians, Afro-Caribbeans and African women had higher total WBC, 
neutrophil, lymphocytes and platelets than men. In addition, Sprayberry (1999) mentioned 
that sex is one of the factors that cause variation in CBC levels in horses. 
Our results showed no significant residual correlations between RFI and CBC for all 
CBC traits measured across all lines and diets. However, a positive tendency of significance 
for phenotypic correlations between RFI total WBC, monocytes, MCH, and MCHC in the 
HRFI line under high energy low fiber diet (HELF) was observed. Our results suggest that, 
especially when energy is limiting, an increase in RFI would result in more production of 
total WBC cells and monocytes and may result in energy wastage when the animal is not 
actively immune challenged. Therefore, the low RFI line may be more efficient in conserving 
energy compared to the HRFI line. In a study by Santana in beef cattle (2009), no significant 
correlations or tendencies were observed between RFI and CBC traits in any of the three 
categories for RFI (low, medium and high) tested. 
In this study, heritabilities were estimated for CBC traits. Our results have shown 
moderate heritability estimates for white blood cell traits, including total WBC, neutrophils, 
lymphocytes and monocytes (0.15 ± 0.19 to 0.36 ± 0.20), and a high heritability estimate for 
eosinophils (0.58 ± 0.12). For the red blood cell traits, RBC and Hg were highly heritable 
(0.62± 0.25 and 0.56 ± 0.13, respectively) while MCV, MCH and RDW were moderately 
heritable (0.34 ± 0.25 to 0.47 ± 0.24). MPV was also moderately heritable (0.38 ± 0.25) but 
platelet count was lowly heritable (0.11 ± 0.23). With most traits being moderately to highly 
heritable, it suggests a fairy large genetic component for CBC traits and that selection based 
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on CBC traits can be effective. Flori et al. (2011) measured the same traits as this study in 
443 Large White pigs that were vaccinated against Mycoplamsa hyponeumoiae. The 
population of their study came from 106 boars with an average of 4.1  1.7 piglets per boar 
(Flori et al., 2011). The animals in their population came from 16 different selection herds 
and arrived at the test station at ~5 wk of age without being vaccinated. Upon arrival, the 
animals were vaccinated with Mycoplamsa hyponeumoiae and blood samples to measure 
CBC traits were measured a week after vaccination. Their results have shown higher 
heritability estimates for total WBC, neutrophils, and lymphocyte traits compared to our 
results. This could be due to a decrease in genetic variance or an increase in phenotypic 
variance. However, means and phenotypic standard deviations reported by Flori et al. (2011) 
were similar to our means and standard deviations. Therefore, the difference in heritabilities 
must be driven by differences in genetic variances. Flori et al. (2011) may have observed 
greater genetic variance because the pigs in their study came from 106 boars from 16 
different farms, whereas pigs in this study came from only 2 generations of pigs in a partially 
inbred population (~18% inbreeding). Our results for total WBC and monocytes are similar 
estimates of heritability obtained by Clapperton et al. (2009) who found moderate estimates 
for WBC and monocytes in pigs that were placed under different health status conditions. 
Conclusions 
Our results show that selection for decreased RFI has led to lower WBC, lymphocyte, 
eosinophil, monocyte, and basophil levels in the LRFI line compared to the HRFI line, 
possibly indicating that the LRFI animals only produce enough WBC and granulocytes 
according to environmental stimuli encountered and, therefore, preserve energy for other 
important functions. A positive tendency of correlation between RFI and residuals for 
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monocytes and total white blood count were found in HRFI line under low fibre diet, 
suggesting that an increase in RFI increases the production of total WBC and monocytes and 
may result in energy wastage when animals are not in need of those parameters. Furthermore, 
most CBC traits were moderately to highly heritable, suggesting that they have an additive 
effect that can be passed on to offspring to improve future generations. The low RFI line had 
higher hemoglobin concentration and red blood cell volume. Therefore, our results suggest 
that selection for decreased RFI has changed the immune profile of Yorkshire pigs to 
decrease excess WBC production and improve oxygen transfer. These physiological changes 
may help explain the improved efficiency in the LRFI line. 
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Table 3.1. Number of pigs in study. 
 G8P2
1 
G9P2
1 
Total
5 
 CBC
2 
HELF
3 
LEHF
4 
CBC
2
 HELF
3
 LEHF
4
 
LRFI gilts 73 19 18 66 23 22 139 (82) 
LRFI barrows 68 24 18 67 23 21 135 (86) 
LRFI total 141 43 36 133 46 43 274 (168) 
        
HRFI gilts 71 17 21 56 20 23 127 (81) 
HRFI barrows 74 23 22 42 20 14 116 (79) 
HRFI total 145 40 43 98 40 37 243 (160) 
        
Total 286 83 79 231 86 80 517 (328) 
1
 G8P2 refers to pigs from generation 8, parity 2 of the ISU RFI selection experiment. 
G9P2 refers to pigs from generation 9, parity 2. 
2
 CBC is the number of pigs within a parity that have CBC data available. 
3
 HELF is the number of pigs with RFI data that were fed a high energy, low fiber 
diet during finishing. 
4
 LEHF is the number of pigs with RFI data that were fed a low energy, high fiber 
diet during finishing. 
5
 The total number of pigs available for this study, with the number of pigs with RFI 
data in parentheses. 
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Table 3.2. Least square means
1
 for complete blood count traits by line. 
Trait
2 
LRFI
3 
HRFI
3 
Difference
4 
P-diff
5 
WBC, 10
3
/µl 13.90 (0.45) 14.89 (0.46) -0.99 (0.61) 0.11 
Neutrophils, 10
3
/µl 6.51 (0.28) 6.24 (0.29) 0.27 (0.39) 0.49 
Lymphocytes, 10
3
/µl 6.41 (0.23) 7.56 (0.24) -1.15 (0.32) 0.001 
Monocytes, 10
3
/µl 0.45 (0.02) 0.55(0.02) -0.09 (0.03) 0.006 
Eosinophils, 10
3
/µl 0.28 (0.02) 0.31(0.03) -0.03 (0.03) 0.40 
Basophils, 10
3
/µl 0.03 (0.00) 0.04 (0.00) -0.01 (0.00) 0.0002 
RBC, 10
6
/µl 6.42 (0.07) 6.38 (0.07) 0.03 (0.09) 0.74 
Hemoglobin, g/dl 10.15 (0.09) 9.47 (0.09)  0.68 (0.12) <0.0001 
Hematocrit, % 33.94 (0.25) 32.32 (0.25) 1.62 (0.34) <0.0001 
MCV, fl 53.26 (0.61) 50.88 (0.63) 2.38 (0.84) 0.008 
MCH, pg 15.92 (0.20) 14.89 (0.21) 1.03 (0.28) 0.001 
MCHC, g/dl 29.89 (0.11) 29.27 (0.11) 0.62 (0.15) 0.0004 
RDW, % 23.38 (0.50) 23.10 (0.52) 0.28 (0.69) 0.69 
Platelets, 10
3
/µl 573.67 (22.49) 575.51 (22.81) -1.84 (30.29) 0.95 
MPV, fl 9.70 (0.16) 9.88 (0.16) -0.17 (0.22) 0.43 
1
 Least square means are from the mixed procedure in SAS; standard error is in 
parentheses. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 Difference between lines (LRFI – HRFI); standard error of difference is in parentheses. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 3.3. Least square means
1
 for complete blood count traits by sex.  
Trait
2 
Gilts
 
Barrows
 
Difference
3 
P-diff
4 
WBC, 10
3
/µl 13.89 (0.36) 14.90 (0.37) -1.01 (0.32) 0.002 
Neutrophils, 10
3
/µl 6.04 (0.24) 6.72 (0.25) -0.68 (0.23) 0.004 
Lymphocytes, 10
3
/µl 6.84 (0.19) 7.14 (0.19) -0.29 (0.17) 0.09 
Monocytes, 10
3
/µl 0.51 (0.02) 0.49 (0.02) 0.02 (0.02) 0.44 
Eosinophils, 10
3
/µl 0.28 (0.02) 0.31 (0.02) -0.03 (0.02) 0.07 
Basophils, 10
3
/µl 0.03 (0.00) 0.03 (0.00) 0.00 (0.00) 0.63 
RBC, 10
6
/µl 6.38 (0.06) 6.43 (0.06) -0.05 (0.04) 0.24 
Hemoglobin, g/dl 9.94 (0.07) 9.68 (0.08) 0.25 (0.07) 0.0005 
Hematocrit, % 33.50 (0.21) 32.76 (0.22) 0.75 (0.21) 0.0005 
MCV, fl 52.75 (0.48) 51.38 (0.49) 1.37 (0.31) <0.0001 
MCH, pg 15.63 (0.16) 15.17 (0.16) 0.46 (0.11) <0.0001 
MCHC, g/dl 29.62 (0.09) 29.53 (0.09)  0.09 (0.09) 0.31 
RDW, % 22.65 (0.39) 23.83 (0.40) -1.19 (0.26) <0.0001 
Platelets, 10
3
/µl 566.74 (18.32) 582.44 (18.73) 15.71 (15.42) 0.31 
MPV, fl 9.99 (0.13) 9.59 (0.13) 0.40 (0.09) <0.0001 
1
 Least square means are from the mixed procedure in SAS; standard error is in 
parentheses. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 Difference between lines (LRFI – HRFI); standard error of difference is in parentheses. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 3.4. Residual correlations of complete blood count traits with residual feed intake. 
 
Across all line 
and diet groups 
LRFI
2 
HRFI
2 
Traits
1 
HELF
3 
LEHF
3
 HELF
3
 LEHF
3
 
WBC, 10
3
/µl -0.06 -0.07 -0.08 0.20† 0.00 
Neutrophils, 10
3
/µl -0.01 -0.01 -0.14 0.12 0.13 
Lymphocytes, 10
3
/µl -0.09 -0.14 0.07 0.17 -0.14 
Monocytes, 10
3
/µl 0.02 -0.11 -0.10 0.20† 0.04 
Eosinophils, 10
3
/µl -0.00 0.04 -0.09 -0.13 0.09 
Basophils, 10
3
/µl -0.00 -0.14 0.13 0.18 0.08 
RBC, 10
6
/µl 0.00 -0.17 -0.05 -0.15 -0.04 
Hemoglobin, g/dl 0.02 -0.09 0.10 0.14 0.05 
Hematocrit, % 0.02 -0.12 0.06 0.08 0.05 
MCV, fl 0.01 0.06 0.09 0.18 0.09 
MCH, pg 0.01 0.09 0.13 0.21† 0.10 
MCHC, g/dl 0.02 0.03 0.12 0.21† 0.01 
RDW, % -0.02 0.02 -0.06 -0.17 -0.01 
Platelets, 10
3
/µl -0.00 -0.02 0.05 0.07 -0.06 
MPV, fl 0.00 0.04 0.10 0.05 -0.10 
1
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
2
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
3
 Diets: HELF = high energy, low fiber diet; LEHF = low energy, high fiber diet. 
† = Correlation differs from zero by 0.05 < P < 0.10 and are in bold. 
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Table 3.5. Heritability estimates and raw means for complete blood count traits in 
Yorkshire pigs from this study and as reported by Flori et al. (2011).
a 
Trait
b 
Iowa State University residual 
feed intake selection 
experiment
 
Flori et al. (2011)
 
h
2 
Mean (std. dev.) h
2 
Mean (std. dev.) 
WBC, 10
3
/µl 0.23 (0.19) 14.63 (4.22) 0.73 (0.20) 18.0 (5.2) 
Neutrophils, 10
3
/µl 0.31 (0.21) 6.43 (2.97) 0.61 (0.20) 3.9 (1.8) 
Lymphocytes, 10
3
/µl 0.15 (0.19) 7.17 (2.44) 0.72 (0.21) 12.7 (3.7) 
Monocytes, 10
3
/µl 0.36 (0.20) 0.52 (0.26) 0.38 (0.20) 1.0 (0.4) 
Eosinophils, 10
3
/µl 0.58 (0.12) 0.29 (0.21) 0.80 (0.21) 0.20 (0.1) 
Basophils, 10
3
/µl 0.12 (0.19) 0.03 (0.02)   
RBC, 10
6
/µl 0.62 (0.25) 6.42 (0.56) 0.43 (0.20) 6.2 (0.5) 
Hemoglobin, g/dl 0.56 (0.13) 9.88 (1.04)   
Hematocrit, % 0.06 (0.14) 33.27 (2.86) 0.57 (0.03) 30.8 (4.8) 
MCV, fl 0.47 (0.24) 52.08 (4.92)   
MCH, pg 0.37 (0.24) 15.47 (1.83)   
MCHC, g/dl 0.04 (0.16) 29.66 (1.30)   
RDW, % 0.34 (0.25) 22.83 (4.20) 0.70 (nd) 14.8 (1.5) 
Platelets, 10
3
/µl 0.11 (0.23) 594.6 (207.4) 0.56 (0.19) 539.3 (257.2) 
MPV, fl 0.38 (0.25) 9.80 (1.42)   
1
 Heritabilities from Iowa State University were estimated using an animal model in 
ASReml. Means with their standard deviations from Iowa State University were 
calculated using the means procedure in SAS. Heritabilities and means from Flori 
et al. (2011) are from table within their publication and were calculated using using 
the univariate and bivariate linear model respectively.   
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean 
corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean 
corpuscular hemoglobin concentration; RDW = red cell distribution width; MPV = 
mean platelet volume. 
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CHAPTER 4: GENERAL DISCUSSION 
Why is evaluating the effect of selection for residual feed intake on the immune system 
important? 
I believe that the health status is one of the most important attributes for pig growers 
because pigs are routinely exposed to pathogens that can potentially lower the returns if the 
immune system of an individual animal is weak. Animal diseases cause morbidity and 
mortality and thus affect profits tremendously. Antibiotics that were once used to treat 
diseases and promote animal growth are now administered more judiciously because of 
consumer fears of drugs in meat, and the potential increase of microbial resistance to 
commonly used antibiotics like penicillin and tetracycline. For these reasons, a different 
approach to address the issue of animal diseases is needed. One of which is improving a 
generalized immunity for disease resistance. 
Generalized immunity for disease resistance is an indirect approach of selection that 
focuses on reducing or eliminating the occurrence of a wide range of infections. This method 
is not specific to any type of diseases and could still work even if the pathogen is changed.  
A group at Iowa State University (ISU) has successfully developed two lines of Yorkshire 
pigs that differ in RFI with the purpose of studying the biological and physiological basis of 
feed intake and feed efficiency. One line has been selected for decreased RFI over 9 
generations (LRFI line) and the other was randomly selected for 5 generations and then 
selected for increased RFI (HRFI line). A concurrent study was conducted at the National 
Institute for Agricultural Research (INRA) in France with lines being divergently selected 
since the onset of the experiment. Both groups have reported moderate heritability estimates 
for RFI (h
2 
= 0.25 – 0.31 (Cai et al., 2008; Bunter et al., 2010) with reduced average daily 
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feed intake in the LRFI line by ~0.2 kg/d (Bunter et al., 2010) or about 8 % under ad-libitum 
feeding (Boddicker et al., 2011). Several studies on the effect of selection on production 
traits (Cai et al., 2008; Boddicker et al., 2011), reproduction traits (Young et al., 2010; 
Gilbert et al., 2012, Adamic et al., 2012) and meat quality traits (Smith et al., 2011; 
Lefaucheur et al., 2011; Arkfeld et al., 2012, 2013a, 2013b) have been conducted, but 
studying the effect of selection for RFI on the immune system has only started, with a single 
publication (Rakshandeh et al., 2012). Therefore, more studies on the effect of election for 
RFI on immune system are needed, as some scientists believe that intense selection for 
production traits may result in animals that are more vulnerable to pathogens and stressors, 
and may be unable to maintain performance after infection (Flori et al., 2011; Rauw et al., 
1998). In this study, the complete blood count (CBC) assay was used as an indirect method 
to evaluate the immune competency of pigs that were selected for RFI up to 9
th
 generation. In 
this thesis we examined the heritability estimates of the complete blood count traits, 
determined the differences in number of blood cells between gilts and barrows, tested the 
correlations between CBC traits and RFI, and evaluated the effect of selection for RFI on 
number of blood cells between the lines. 
The heritability estimates of the immune traits  
An additive genetic effect is one of the important attributes to consider when 
selecting for genetic improvement. This is feasible because such additive effects can be most 
easily identified and transferred from parents to the offspring and, therefore, has the ability to 
improve future generations. In our study we found moderate heritability estimates for total 
white blood count, neutrophils, lymphocytes, monocytes, MCH, RDW, and MPV i.e. h
2 
for 
these traits ranged from 0.15± 0.19 to 0.38 ± 0.25, and high heritability estimates for 
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eosinophils, RBC, hemoglobin and MCV, ranging from 0.47 ± 0.24 – 0.62 ± 0.25; suggesting 
a fairy large genetic component for CBC’s and that selection based on CBC traits can be 
effective. A number of studies have also reported moderate to high heritability estimates for 
immune parameters (Henryyon et al., 2006; Clapperton et al., 2005a, 2008, 2009; Flori et al., 
2011). Flori et al. (2011) grouped the immune traits into global immunity traits, cell- 
mediated, adaptive immunity, humoral immunity, innate immunity and haematological traits. 
So far, scientists have not yet agreed on which traits should be used in pig breeding 
programs. However, Clapperton et al. (2005b) suggested that it may be fruitful to focus on 
components of the innate cells that are heritable since they recognize a wide range of 
pathogens through restricted pattern recognition and protein receptors (Medzitov and 
Janeway, 2000; Clapperton et al., 2005b). However, since both innate and adaptive immune 
system work together to defend the host against any pathogens, it will be fruitful to look at 
heritable components of both the innate and adaptive immune system. 
Flori et al. (2011) measured similar traits as in our study from ~5 weeks old pigs that 
came from 16 different farms. Upon arrival, the animals were vaccinated with Mycoplamsa 
hyponeumoiae and blood samples to measure CBC traits were drawn a week after 
vaccination. Their results have shown moderate heritability estimates for monocytes and 
RBC (0.38 < P < 0.43), and high heritability estimates for total WBC, neutrophils, 
lymphocytes, eosinophils, hematocrit, RDW and platelets (0.56 < P < 0.80).  In our study we 
observed lower heritability estimates of some complete blood count parameters compared to 
Flori et al. (2011). The reasons for that could be as follows: Heritability measures the fraction 
of phenotype variability that can be attributed to genetic variation. Therefore, a reduction in 
genetic variation and an increase in phenotypic variation would lower the heritability 
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estimates. In our results we reduced the genetic variance by using animals that were ~18% 
inbred. However, Flori et al., (2011), had a wider representation of animals that we did, their 
data came from 106 sires that are not closely related and therefore, they had a greater genetic 
variance than we did which could increase the heritability estimates. 
The white blood cell count is a good indicator of the level of infection in certain 
individuals. Our study has shown moderate heritability estimates for total WBC cells. Our 
results were similar to the results obtained by Clapperton et al., (2009) who also found 
moderate heritability estimates for total WBC on pigs that came from different herd health 
status. 
Differences in complete blood count traits due to sex 
The reference ranges for hematological profile is influenced by sex (Bain, 1996). Our 
results have confirmed this fact; the total white blood count, neutrophils and RDW were 
significantly higher in the barrows compared to gilts, while, the hemoglobin, hematocrit, 
MCV, MCH, and MPV were significantly higher in gilts compared to barrows. In a study by 
(Bain, 1996), Caucasians, Afro-caribbeans and African women had higher total WBC, 
neutrophil, lymphocytes and platelets than men. Latimer et al. (2003) and Wang et al. (2012) 
indicated that CBC’s differ from study to study due to population and environmental 
differences. In addition, Sprayberry et al. (1999) mentioned that a variation in CBC levels 
could be caused by age, gender, behavior, breed level of excitement and nutrition. In our 
study we cannot conclude what caused the significant differences in number of blood cells 
between different sexes between low and high RFI line, however, our results provides an 
indication that the animals of different sex may handle disease occurrence differently. 
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The effect of selection for residual feed intake on number of complete blood count cells 
When comparing the results obtained on differences in CBC traits between the lines 
that were selected for low RFI against the control group up to 5 generations (see appendix 
section) and the two divergent lines of pigs that were selected for RFI up to 9 generations, we 
see a major difference in number of blood cells between the two groups. In animals that were 
selected up to 5 generations, there were no line differences in CBC traits between the lines 
when averaging the CBC results that were collected at 3 and 6 weeks of treatment. However, 
the animals that were selected up to 9 generations have shown some differences in number of 
blood cells between the lines (data reported in Chapter 3). The differences in CBC results in 
divergent lines of Yorkshire pigs that were selected up to 9 generations supports our 
hypothesis that selection for low RFI has changed the immune system of Yorkshire pigs. 
In generation 9, our results have shown higher but not necessarily significantly 
different numbers of WBC and eosinophils, and higher and significant number of monocytes, 
lymphocytes and basophils in the HRFI line compared to the LRFI line. The differences in 
number of WBC traits could be attributed by the following reasons: i) Assuming that the 
environment in which the animals were housed was cleaner or had low levels of pathogens, 
the LRFI line produced enough total WBC, basophils, monocytes, lymphocytes and 
eosinophils to handle the environmental conditions as compared to the HRFI line. The HRFI 
line might have overproduced those parameters and thus wasted more energy in production 
of total WBC, monocytes, basophils, lymphocytes and eosinophils than needed for the level 
of pathogens that they were housed in. Alternatively, selection for LRFI might have 
improved the immune system of the LFI line such that it was able to react less to the 
environment compared to the HRFI line. According to De Ridder et al. (2012) pigs are 
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routinely exposed to pathogens, which can stimulate the immune system and redirect the 
nutrients for production purposes to support the immune system. In our study, both lines 
were exposed in the same environmental conditions, but differences in number of blood cells 
were observed suggesting differences in immune function. The scope of our study does not 
allow us to conclude which line will perform better after infection since we did not challenge 
our animals. However, a concurrent study has been conducted by Dunkelberger et al. (2013) 
on the effect of infecting the HRFI and LRFI lines from 8
th
 generation with porcine 
reproductive and respiratory syndrome (PRRS) virus on average daily gain (ADG) and viral 
load (VL). Their results showed no statistical evidence of difference between the lines in 
ADG but the LRFI line had higher ADG compared to the HRFI line. In addition, the LRFI 
line had lower VL compared to the HRFI line, although there was no statistical evidence of 
difference on the effect of VL between the lines. Therefore, the results by Dunkelberger et al. 
(2013), supports the idea that selection for low RFI has changed the immune system. 
Our results further showed significantly higher levels of hemoglobin, hematocrit, 
MCV, MCH, and MCHC in the LRFI had compared to the HRFI line, suggesting that the 
LRFI group can more efficiently provide oxygen to the muscle and other aerobic tissues. In a 
study by Evans and Turner (1965), red blood cells, hematocrit and hemoglobin were 
positively correlated to growth rate. In our study we did not measure growth rate between the 
lines however, the study by Dunkelberger et al., (2013) in animals from generation 8 showed 
the low RFI line had higher ADG compared to the high RFI line. In addition, Boddicker et al. 
(2011) found similar growth rates between the low RFI line and the control line in animals 
that were selected up to 5 generations. Therefore, these two studies also support our initial 
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hypothesis that states that selection for low RFI line has improved the immune function of 
Yorkshire pigs.  
Correlations between complete blood count traits and residual feed intake 
In a study by Santana in beef cattle (2009), no significant correlations or tendencies 
were observed between RFI and CBC traits in any of the three categories for RFI (low, 
medium and high) tested.  Similarly, our results showed no significant correlations across all 
lines and diets between the RFI and CBC residuals in all the CBC traits. However, a positive 
tendency of significance for phenotypic correlations between RFI total WBC, monocytes, 
MCH, and MCHC in the HRFI line under high energy low fiber diet (HELF) was observed. 
Our results suggest that the high RFI line under low fiber diet has a tendency to produce 
more total WBC and monocytes compared to the low RFI line, and since these studies were 
done within a common environment, is an indication of energy wastage by the HRFI line 
when energy is limiting. Therefore, the low RFI line may be more efficient in conserving 
energy compared to the HRFI line.  
Implications and future direction of the study 
In conclusion, this study identified differences in number of blood cells between the 
lines and sex, determined the heritability estimates and also estimated the correlations 
between RFI and CBC traits. We can conclude that selection for RFI has changed 
components of the immune system. As we studied only healthy animals not under known 
pathogen challenge, our results cannot be directly applied to a disease challenge situation. 
Future direction will be to challenge the animals and determine the effect of a challenge on 
CBC levels. However, as the data collected was on a fairly standard farm environment with 
commercial-level containment (shower-in for personnel but farm barns are not isolated from 
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the environment), the pigs likely were exposed to ubiquitous environmental pathogens, and 
the difference in immune cells in these pigs may be expected to replicate on commercial 
farms. 
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APPENDIX: RELATIONSHIP BETWEEN BLOOD CELLS AND METABOLITES, 
CARCASS FAT PERCENT, AND THYROID HORMONES OF YORKSHIRE PIGS 
SELECTED FOR DECREASED RESIDUAL FEED INTAKE AND A RANDOMLY 
SELECTED CONTROL LINE 
Introduction 
Koch et al. (1963) was the first to introduce the concept of adjusting feed intake for 
performance traits with the intention of evaluating different measures of efficiency on 
indirect feed utilization and efficiency. In their study, Koch et al. (1963) suggested that feed 
intake should be adjusted for maintenance and production traits and anything that deviates 
from the expected feed intake will separate the efficient from inefficient animals. This trait 
later became known as residual feed intake (RFI). RFI is defined as the difference between 
the observed feed intake and the predicted feed intake based on estimates of maintenance and 
production requirements. Animals that eat less than expected based on maintenance and 
production requirements have a negative RFI value and are desirable in animal production to 
reduce feed costs and improve profitability of production. RFI is phenotypically independent 
of average daily gain (Cai et al., 2008) and other production traits such as backfat depth and 
loin muscle area (Clutter and Brascamp, 1998). Therefore, selection based on low RFI can 
lower feed intake without a negative impact on performance. In addition, studies by Cai et al. 
(2008), Gilbert et al. (2007) and Ngunyen et al. (2005) reported moderate to high estimates of 
RFI in pigs, ranging from 0.15-0.38, suggesting a fairy large genetic component for RFI and 
that selection for low RFI can be effective. 
Our group successfully developed divergent lines of Yorkshire pigs that differ in RFI 
up to 124g/day (Cai et al., 2008). Similar results were found by Boddicker et al. (2011) 
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where the lower RFI animals showed a 10% reduction in feed, with no significant differences 
in birth weight and a slight difference in fat composition between the lines. Both studies 
provide evidence that selection for lower RFI has lowered maintenance requirements.  
A study by Catwright et al. (1980) reported that selection for production traits such as 
back-fat thickness and growth rate has an effect on thyroid hormone concentration in blood. 
Lkhagvadorj (2010) examined the effect of selection for lower RFI on the thyroid axis in 
pigs. Their results showed a 30% increase in free triiodothyronine (FT3) in the low RFI line 
as compared to the control line, without a significant difference in the free thyroxine (FT4) 
concentration across all feeding treatments (100% Ad libitum (Ad- lib), 75% Ad-lib, 55% 
Ad-lib and maintenance). Moreover, pigs that were selected for lower RFI also had thyroid 
glands weighing ~14% more than for the control pigs with no significant difference in the 
histological analysis for colloid size and density between the lines (Lkhagvadorj, 2010). In 
all the above-mentioned studies, little is known about why selection for RFI is more efficient 
than the control line.  
Thyroid hormones are responsible for maintaining the physiological body processes 
like growth and development, thermoregulation, heart rate and metabolism (Kapil, 2007), but 
their role in feed efficiency is yet to be understood. Studies by He et al. (2006), Cho et al. 
(2000) and Suthama et al. (1989) reported an improvement in feed efficiency and growth 
traits in animals that were supplemented with dietary thyroid hormone (T3) and (T4), and the 
effect was dose dependent.  
In this study we evaluated the differences in complete blood count levels between the 
two lines of pigs (the low RFI line against the randomly controlled line). In addition, we also 
evaluated the differences in blood metabolites between two lines during fasting and feeding. 
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Lastly, we evaluated the relationships between thyroid hormones (FT3, FT4), and blood 
metabolites, and carcass fat percentage. The main hypothesis of this study was that selection 
for low RFI has changed the blood profile and metabolic adaptation of Yorkshire pigs. 
Materials and methods 
The Animal Care and Use Committee of Iowa State University approved all animal 
procedures. 
Animals and treatments 
A total of 80 Yorkshire pigs from generation 5 i.e. 40 from the control line and 40 
from the low residual feed intake line, were paired by age (132 days), body weight (74.8 ± 
9.9 kg) and litter. Each pair was assigned to an individual pen for a period of 6 weeks. Pigs 
were then allowed to acclimate for 3 days on ad libitum (Ad-lib) feeding and had unlimited 
access to water at all times. After an acclimation period, all pigs were fed ad-lib for seven 
days and ad-lib feed intake was established on week-1. Pigs were then randomly assigned to 
4 treatment groups (100% ad-lib, 75% ad-lib, 55% ad-lib, and a maintenance group; i.e., a 
group in which feed was adjusted to maintain body weight as reported by (Boddicker et al., 
2011; Lkhagvadorj, 2010). Details about the treatments, replications and feed formulation 
can be found in (Boddicker et al., 2011; Lkhagvadorj, 2010).  
Blood samples 
Blood samples were collected from the jugular vein at weeks 3s and 6 of the study 
following a 12 hours of feed withdrawal (fasted) and 2 h feeding period (postprandial or fed 
state). Plasma tubes and separated serum (2000 g x 10 min) were sent to Iowa State 
University Veterinary Diagnostic Laboratory for complete blood count (CBC) and routine 
blood biochemistry panel analysis. The CBC traits measured were grouped according to 3 
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categories: 1) components of the white blood cells, which were represented by white blood 
cell count (WBC), lymphocytes, basophils, neutrophils, monocytes, and eosinophils; 2) 
components of red blood cells, which were represented by red blood cell count (RBC), 
hemoglobin concentration (Hg), hematocrit percent, mean corpuscular volume (MCV), mean 
corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC), 
and 3) platelets cells, represented by platelet count and mean platelet volume (MPV).  The 
biochemistry panel consisted of blood urea nitrogen (BUN), lipemic, triglycerides, non-
esterified fatty acids (NEFA) and creatine kinase (CK), glucose, and insulin levels. For the 
blood metabolite analysis the data came from the animals under maintenance and ad-libitum 
feeding but for CBC analysis blood samples were drawn from all 80 animals.  
Thyroid hormone assays 
The serum thyroid hormone assays were determined using methods previously 
outlined by Lkhagvadorj, (2010). 
Carcass fat composition 
The chemical analysis of carcass composition was analyzed using Boddicker et al. 
(2011) method. 
Statistical analysis 
Blood parameters and complete blood count were analyzed using the MIXED 
procedure in SAS guide version 9.3 Institute Inc., NC. The CBC data was analyzed 3 times, 
the first analysis was focused on analyzing the differences in number of blood cells at 3 
weeks of treatment, the second analysis was focused at evaluating the differences in number 
of blood cells at 6 weeks of treatment and the third analysis involved an average of 3 and 6 
weeks of treatment to determine the differences in number of blood cells between the lines. 
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All the models included replicate (the repeated experimental observations), line, treatments, 
and MC4R genotype (a genotype that is associated with growth, feed intake and back fat 
depth, for more details see Kim et al., 2000) were set as fixed effects. Random effects that 
were included in the model were litter and replicate-by-treatment interaction terms. All CBC 
traits were analyzed from 80 animals with four feeding treatments i.e. 100% ad-lib, 75% ad-
lib, 55% ad-lib and maintenance group. For the analysis of blood metabolites, line, treatment, 
the interaction between line and treatment, and replicate fitted as fixed effects and replicate 
by treatment fitted as a random effect. The blood data was analyzed twice; the first analysis 
was mainly focused on analyzing individual animals independently of each other separating 
the results for fasted and fed state. The second analysis involved calculating the differences 
between fasted and fed animals for each measurement, i.e., subtracting the fed state values 
from the fasted state on an individual animal are reported as DIFF variables. All blood 
metabolites were analyzed from half of the population, from animals in ad-lib and 
maintenance feeding.  
Pairwise correlations for thyroid data, blood metabolite and carcass fat percentage 
were determined across the entire population, with or without taking into account the line and 
treatment effect. The correlations were analyzed using PROC CORR in SAS guide version 
9.3 Institute Inc., NC. Correlations for thyroid hormones and carcass fat % were analyzed 
from all the population with all 4 feeding treatments. Blood metabolite parameters, thyroid 
hormone and carcass fat % was also analyzed from half the population from two feeding 
treatments i.e. maintenance and ad-lib feeding. 
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Results 
Complete blood count differences between the select and control line under different 
feeding different treatments 
A complete blood count comparison between the low residual feed intake line and the 
randomly selected control line showed a treatment by line interaction effect for basophil 
levels at 3 and 6 weeks of treatment (P = 0.01) and a tendency of difference in eosinophil 
levels at 3 weeks of feeding different treatments (P = 0.05) Table 5.1.  In addition, a line 
effect was observed in number of neutrophils and mean platelet volume at 3 weeks of feeding 
different treatments, and monocyte levels at 6 weeks of treatment (P = 0.01; P = 0. 006 and P 
= 0.02) respectively (Table 5.2 and 5.3). However, when the CBC’s from 3 and 6 weeks of 
treatment were averaged and analyzed for line differences, none of the CBC traits were 
significant amongst each other (Table 5.4). Moreover, a statistical evidence of difference for 
treatment effect was observed between the lines for total white blood cell count (P = 0.04), 
neutrophils (P =0.04), eosinophils (P = 0.007), mean corpuscular hemoglobin (P = 0. 02), 
mean corpuscular hemoglobin concentration (P = 0. 02) and basophils (P =0.03) at 6 weeks 
of feeding different treatments, with no statistical evidence of difference at 3 weeks of 
feeding the treatment, Tables 5.5 and 5.6. However, no statistical evidence of difference in 
treatments was observed between the lines when the CBC data from 3 and 6 weeks of 
treatment was averaged (Table 5.7).  
Blood metabolite differences between the select and control line under different feeding 
treatments 
In Table 5.8, data from fed state was analyzed independently and the results showed 
evidence of difference between lines for BUN levels (P=0.004) and protein levels (P = 0.04) 
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in fed state, and a tendency of significance (P < 0.1) in glucose levels between the lines. A 
treatment effect was also observed between protein, albumin, creatinine, and triglyceride 
levels (P = 0.03; P =0. 01; P = 0. 01; P = 0. 01) respectively, and a tendency of significance 
in BUN levels (P = 0. 05). In Table 5.9, data from fasted state was also analyzed 
independently and the results showed no line differences in all the measured traits except for 
a tendency of significance in lipemic levels (P = 0. 05). However, a treatment effect was 
observed between the lines in blood urea nitrogen (BUN), albumin, creatinine and 
triglyceride levels (P = 0.02; P = 0.02; P = 0. 003 and P = 0.01) respectively. The BUNDIFF, 
protein diff and albumin diff variables showed a treatment and a line difference (P < 0.04) 
with no interaction effect (P > 0.1) amongst each other.  All the other DIFF variables were 
not statistically significant (P > 0.3) Table 5.10.  
Correlations between thyroid hormones with blood metabolites, and carcass fat 
percentage. 
Table 5.11, 5.12, 5.13 and 5.14 shows estimates for correlations between thyroid 
hormones (FT3, FT4) and blood metabolites, and carcass fat percentage across all lines and 
treatments and within lines. There are many significant correlations that we observed but, in 
this chapter we will only focus on correlations between thyroid hormones (FT3 and FT4) and 
blood urea nitrogen (BUN) levels, carcass fat percentage and BUN levels and carcass fat 
percentage and thyroid hormones under two different treatments i.e. maintenance and 100 % 
Ad- libitum.  A positive correlation was observed between FT4 and BUN levels across all 
lines and treatments in both fasted and fed state (P < 0.05) Table 5.11. Carcass fat % and 
BUN levels were positively correlated to each other across all lines and treatments in both 
fed and fasted state and BUNDIFF Table, 5.13. Lastly, carcass fat % and FT3 were not 
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correlated across all lines and treatments but a strong positive correlation between FT4 and 
carcass fat % was observed in LRFI line under maintenance feeding (P = 0. 01).  Moreover, a 
significant correlation between FT4 and carcass fat % was observed across all lines and 
treatments (P < 0.001) Table 5.14. 
Discussion 
In this section, we explored the effects of selecting animals for low RFI on blood 
metabolites against the randomly selected control line. The primary findings in our study 
were as follows: There were statistical evidence of differences between the lines in BUN 
levels in a fed state and BUNDIFF levels, and no line differences in fasted state but, the 
LRFI line had lower BUN levels in all feeding treatments compared to the control line. In 
addition, a line effect was observed in protein levels in fed state and protein DIFF (P = 0.04), 
with no significant effect of those traits in fasted state (P > 0.1), but the LRFI line maintained 
higher protein levels than the randomly selected line. BUN measures the amount of nitrogen 
that comes from urea and urea is made when protein is catabolized in the body. The lower 
BUN levels in the LRFI line are an indication of less protein breakdown by LRFI line. 
However, scientists consider proteins as a last resort when examining the effect of fasting in 
animals (Hervant et al., 2001) and the shift from lipid breakdown to protein breakdown is 
thought to occur when the lipid stores are exhausted (Caloin, 2004). In our study we only 
fasted the animals for 12 hrs and therefore, higher BUN levels that we observed in the 
control line might have been from higher feed intake in the control line under ad- libitum 
feeding which eventually lead to excess waste or a constant break down of amino acids. 
Therefore, higher BUN levels in the control line suggest a possibility of inefficiency by the 
control line because may have been continually catabolizing their energy reserves for energy 
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source even when they did not need to catabolize. On the other hand the select line seems to 
be utilizing its protein reserves for energy source during feed shortage. In a concurrent study 
by Boddicker et al. (2011) a trend of higher protein levels in the LRFI line compared to the 
control line was observed. Moreover, a study by Cruzen et al. (2013) in ISU lines from 
generation 7 reported less protein breakdown and thus more efficiency in the LRFI line 
compared to the HRFI line. Our results are in accordance with the results of Rea et al. (2000), 
and Nascimento et al. (2012), who reported lower BUN levels in Steller sea lion and in 
humans. 
Our results have also shown a positive correlation between FT4 and carcass fat% 
across all lines, suggesting that an increase in FT4 across all lines and treatments would 
result to an increase in carcass fat percentage, which is essential for energy source. In 
addition, a positive correlation between carcass fat percentage and BUN levels was found 
across all lines and treatments and in LRFI line under maintenance feeding, while tendencies 
of positive correlation were observed in control line under maintenance feeding. Our results 
suggest that an increase in carcass fat percentage regardless of an increase or a decrease in 
RFI would also increase BUN levels when feed is limiting. This make sense because BUN is 
made when protein is broken down in the body so, when feed is limiting, an animal may start 
to break down the energy reserves as energy source (carcass fat in this case), protein is 
considered a last resort as a source of energy. Therefore, higher carcass fat percentage would 
then mean high protein levels to produce BUN. 
Conclusion 
Our results have shown that selection for decreased RFI up to 5
th
 generation has led to 
some differences in BUN levels between the lines in fed state and BUNDIFF levels with the 
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LRFI line having lower BUN levels compared to the randomly selected control line; 
suggesting a less protein breakdown and thus, more efficiency by the LRFI line compared to 
the control line. A positive correlation between FT4 and BUN levels was observed across all 
lines and treatments in both fed and fasted state suggesting that Our an increase in FT4 would 
yield to an increase in protein break down which will further increase BUN levels. Therefore, 
selection for less production of FT4 would reduce the BUN levels and thus show more 
utilization of amino acids by the animal for later use, when feed is scarce. Our results provide 
a foundation of differences in number of blood cells and metabolites in Yorkshire pigs that 
were selected for 5
th
 generation.  
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Table 5.2. Least square means
1
 for complete blood count traits for week 3 for each line. 
Trait
2 
LRFI
3 
Control line
3 
P-diff
5 
WBC, 10
3
/µl 20.23 (0.82) 18.60 (0.87) 0.18 
Neutrophils, 10
3
/µl 7.04 (0.52) 5.32 (0.55) 0.01 
Lymphocytes, 10
3
/µl 11.82 (0.51) 11.92 (0.55) 0.89 
Monocytes, 10
3
/µl 0.78 (0.04) 0.68 (0.05) 0.14 
Eosinophils, 10
3
/µl 0.43 (0.04) 0.42 (0.04) 0.76 
Basophils, 10
3
/µl 0.13 (0.02) 0.16 (0.02) 0.25 
RBC, 10
6
/µl 7.52 (0.09) 7.56 (0.09) 0.79 
Hemoglobin, g/dl 12.75 (0.12) 12.69 (0.13) 0.73 
Hematocrit, % 40.88 (0.37) 40.58 (0.39) 0.59 
MCV, fl 54.35 (0.38) 53.85 (0.41) 0.38 
MCH, pg 15.70 (0.65) 15.18 (0.65) 0.52 
MCHC, g/dl 31.18 (0.10) 31.28 (0.11) 0.53 
Platelets, 10
3
/µl 278.69 (14.91) 256.85 (15.99) 0.33 
MPV, fl 7.07 (0.17)  7.84 (0.18) 0.006 
1
 Least square means are from the mixed procedure in SAS; standard error is in brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 Difference between lines (LRFI – HRFI), standard error of difference is in brackets. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.3. Least square means
1
 for complete blood count traits for week 6 for each line. 
Trait
2 
LRFI
3 
HRFI
3 
P-diff
5 
WBC, 10
3
/µl 19.16 (0.71) 18.56 (0.65) 0.54 
Neutrophils, 10
3
/µl 5.98 (0.55) 5.64  (0.51) 0.65 
Lymphocytes, 10
3
/µl 11.43 (0.39) 11.23 (0.36)  0.71 
Monocytes, 10
3
/µl 0.84 (0.05) 0.71 (0.04) 0.02 
Eosinophils, 10
3
/µl 0.57 (0.04) 0.62  (0.04) 0.35 
Basophils, 10
3
/µl 0.15 (0.01) 0.16 (0.01) 0.64 
RBC, 10
6
/µl 7.50 (0.09) 7.62 (0.09) 0.35 
Hemoglobin, g/dl 13.27 (0.15) 13.39 (0.14) 0.55 
Hematocrit, % 39.99 (0.45) 40.41 (0.44) 0.53 
MCV, fl 53.35 (0.48) 53.20 (0.45) 0.80 
MCH, pg 15.17 (1.92) 14.82 (1.89) 0.90 
MCHC, g/dl 33.23 (0.12)  33.13 (0.11) 0.54 
Platelets, 10
3
/µl 301.89 (15.56) 287.42 (14.35) 0.50 
MPV, fl 9.38 (0.24) 9.56 (0.22) 0.58 
1
 Least square means are from the mixed procedure in SAS; standard error is in brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 Difference between lines (LRFI – HRFI), standard error of difference is in brackets. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.4. Least square means
1
 by line complete blood count traits for an average between 
3 and 6 weeks for each line. 
Trait
2 
LRFI
3 
HRFI
3 
P-diff
5 
WBC, 10
3
/µl 18.08 (0.84) 17.07 (0.84) 0.37 
Neutrophils, 10
3
/µl 12.59 (4.53) 11.81 (4.53) 0.23 
Lymphocytes, 10
3
/µl 16.29 (4.42) 16.45 (4.42) 0.82 
Monocytes, 10
3
/µl 6.76 (2.04) 7.15 (2.04) 0.61 
Eosinophils, 10
3
/µl 8.25 (2.05) 8.61 (2.05) 0.86 
Basophils, 10
3
/µl 21.92 (6.57) 23.82 (6.57) 0.62 
RBC, 10
6
/µl 13.82 (1.81) 14.88 (1.81) 0.36 
Hemoglobin, g/dl 19.54 (1.93) 19.89 (1.93) 0.87 
Hematocrit, % 83.13 (13.26) 90.66 (13.25) 0.55 
MCV, fl 39.24 (3.71) 37.97 (3.70) 0.73 
MCH, pg 15.49 (1.11) 15.32 (1.11) 0.92 
MCHC, g/dl 22.78 (2.59) 22.88 (2.59) 0.97 
Platelets, 10
3
/µl 210.85 (23.73) 
 
187.20 (23.73) 0.44 
MPV, fl 21.26 (4.36) 23.45 (4.36) 0.64 
1
 Least square means are from the mixed procedure in SAS; standard error is in brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean corpuscular 
volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; MPV = mean platelet 
volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 Difference between lines (LRFI – HRFI), standard error of difference is in brackets. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.5. Least square means
1
 for complete blood count traits for week 3 for each 
treatment. 
Trait
2 
Maintenance
 
55% ad-
libitum
 
75% Ad-
libitum
 
Ad-libitum
 
P-diff
5 
WBC, 10
3
/µl 18.79 (1.19) 20.66 (1.16) 17.66 (1.27) 20.56 (1.15) 0.25 
Neutr, 10
3
/µl 6.23 (0.86) 6.81 (0.85) 4.95 (0.89) 6.74 (0.84) 0.42 
Lymph, 10
3
/µl 11.29 (0.74) 12.31 (0.73) 11.58 (0.79) 12.29 (0.72) 0.69 
Mono, 10
3
/µl 0.72 (0.06) 0.73 (0.07) 0.62 (0.07) 0.86 (0.06) 0.10† 
Eosin, 10
3
/µl 0.39  (0.06) 0.53 (0.06) 0.36 (0.06) 0.42 (0.06) 0.21 
Baso, 10
3
/µl 0.13 (0.03) 0.19 (0.02) 0.11 (0.03) 0.12 (0.02) 0.21 
RBC, 10
6
/µl 7.52 (0.12) 7.45 (0.12) 7.61 (0.13) 7.59 (0.12) 0.78 
Hemo, g/dl 12.65 (0.17) 12.54 (0.17) 12.97 (0.19) 12.72 (0.17) 0.39 
Hema, % 40.46 (0.53) 40.25 (0.52) 41.45 (0.57) 40.75 (0.51) 0.45 
MCV, fl 53.83 (0.55) 54.13 (0.54) 54.64 (0.59) 53.79 (0.53) 0.71 
MCH, pg 15.44 (1.03) 16.00 (1.01) 14.51 (1.05) 15.82 (1.02) 0.74 
MCHC, g/dl 31.26 (0.15) 31.14 (0.15) 31.31 (0.16) 31.20 (0.14) 0.86 
Plate, 10
3
/µl 260.17 
(21.63) 
290.73 
(21.12) 
253.80 
(23.12) 
266.38  
(20.95) 
0.64 
MPV, fl 7.25 (0.25) 7.73 (0.25) 7.42 (0.27) 7.41 (0.25) 0.59 
1
 Least square means are from the mixed procedure in SAS; standard error is in 
brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean 
corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean 
corpuscular hemoglobin concentration; RDW = red cell distribution width; MPV = 
mean platelet volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.6. Least square means
1
 for complete blood count traits for week 6 for each 
treatment. 
Trait
2 
Maintenance
 
55% ad-
libitum
 
75% Ad-
libitum
 
Ad-libitum
 
P-diff
5 
WBC, 10
3
/µl 20.79 (1.00) 18.03 (0.89) 17.01 (0.92) 19.63 (1.02) 0.04 
Neutr, 10
3
/µl 7.76  (0.78) 5.08 (0.69) 4.86 (0.72) 5.56 (0.79) 0.04 
Lymph, 10
3
/µl 11.41 (0.55) 11.25 (0.49) 10.65 (0.51) 12.01 (0.56) 0.36 
Mono, 10
3
/µl 0.69 (0.07) 0.78 (0.07) 0.71 (0.07) 0.93 (0.07) 0.12 
Eosin, 10
3
/µl 0.58 (0.05) 0.54 (0.05) 0.48 (0.05) 0.78 (0.06) 0.007 
Baso, 10
3
/µl 0.18 (0.01) 0.16 (0.01) 0.13 (0.01) 0.15 (0.01) 0.03 
RBC, 10
6
/µl 7.81 (0.14) 7.65 (0.13) 7.56 (0.13) 7.22 (0.14) 0.04 
Hemo, g/dl 13.59 (0.21) 13.39 (0.19) 13.38 (0.19) 13.01 (0.22) 0.37 
Hema, % 40.27 (0.68) 40.68 (0.61) 40.52 (0.63) 39.43 (0.69) 0.50 
MCV, fl 51.75 (0.74) 53.20 (0.68) 53.74 (0.70) 54.41 (0.76) 0.10† 
MCH, pg 13.05 (2.68) 17.59 (2.57) 14.89 (2.75) 14.45 (2.65) 0.67 
MCHC, g/dl 33.65 (0.17) 32.94 (0.16) 33.07 (0.16) 33.06 (0.17)  0.02 
Plate, 10
3
/µl 305.56 
(21.98) 
294.45 
(19.69) 
281.77 
(20.31) 
296.32 
(22.38) 
0.88 
MPV, fl 9.34 (0.34) 10.02 (0.30)  9.39 (0.31)  9.11 (0.38) 0.24 
1
 Least square means are from the mixed procedure in SAS; standard error is in 
brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean 
corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean 
corpuscular hemoglobin concentration; RDW = red cell distribution width; MPV = 
mean platelet volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line. 
4
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.7. Least square means
1
 by line complete blood count traits for an average 
between 3 and 6 weeks for each treatment. 
Trait
2 
Maintenance
 
55% ad-
libitum
 
75% Ad-
libitum
 
Ad-libitum
 
P-diff
5 
WBC, 10
3
/µl 17.89 (1.26) 19.26 (1.22) 15.36 (1.29) 17.80 (1.25) 0.20 
Neutr, 10
3
/µl 8.14 (9.04) 6.84 (9.04) 25.54 (9.05) 8.29 (9.04) 0.42 
Lymph, 
10
3
/µl 
11.16 (8.81) 12.41 (8.81) 29.92 (8.81) 11.99 (8.81) 0.38 
Mono, 10
3
/µl 12.27 (4.00) 2.11 (3.99) 5.19 (4.00) 8.25 (4.00) 0.33 
Eosin, 10
3
/µl 8.97 (3.55) 4.02 (3.50) 10.53 (3.58) 10.19 (3.53) 0.54 
Baso, 10
3
/µl 40.51 (12.60) 6.67 (12.55) 19.39 (12.62) 24.90 (12.58) 0.31 
RBC, 10
6
/µl 13.99 (3.19) 9.91 (3.14) 18.72 (3.20) 14.77 (3.17) 0.29 
Hemo, g/dl 20.42 (3.19) 16.24 (3.13) 20.74 (3.23) 21.49 (3.18) 0.64 
Hema, % 90.32 (23.54) 58.82 (23.25) 98.67 (23.66) 99.77 (23.43) 0.57 
MCV, fl 37.47 (6.49) 47.56 (6.39) 33.54 (6.53) 35.86 (6.45) 0.44 
MCH, pg 14.55 (1.58) 16.77 (1.52) 14.98 (1.62) 15.33 (1.57) 0.76 
MCHC, g/dl 21.33 (4.53) 27.78 (4.47) 21.93 (4.56) 20.28 (4.51) 0.64 
Plate, 10
3
/µl 202.32 
(37.07) 
257.38 
(35.99) 
162.50 
(37.67) 
173.90 
(36.73) 
0.29 
MPV, fl 10.24 (7.42) 15.66 (7.29) 33.95 (7.48) 29.57 (7.37) 0.09 
1
 Least square means are from the mixed procedure in SAS; standard error is in 
brackets. 
2
 WBC = white blood cell count; RBC = red blood cell count; MCV = mean 
corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean 
corpuscular hemoglobin concentration; RDW = red cell distribution width; MPV = 
mean platelet volume. 
3
 Lines: LRFI = low residual feed intake line; HRFI = high residual feed intake line.
4
 
Difference between lines (LRFI – HRFI), standard error of difference is in 
brackets. 
5
 P-value for the difference between lines. Significant values are in bold. 
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Table 5.11. Correlations of free thyroid hormone 4 (FT4) with blood metabolite traits 
across lines and treatments and within each line by treatment group. 
   Low RFI line Control line 
Trait
1
 State
2
 Overall 
Maintenance Ad-
libitum 
Maintenance Ad-
libitum 
BUN Fasted 0.41* 0.57† -0.84** 0.04 0.63† 
 Fed 0.43** 0.61† -0.58 -0.12 0.39 
 Difference 0.27† 0.22 0.89** 0.38 -0.40 
Protein Fasted 0.07 0.24 0.34 0.10 -0.47 
 Fed 0.19 0.36 0.16 -0.25 -0.26 
 Difference 0.29† 0.30 -0.25 -0.57 0.41 
Creat Fasted -0.17 -0.07 -0.14 0.11 0.57† 
 Fed -0.20 -0.15 0.14 -0.06 -0.007 
 Difference -0.03 -0.05 0.19 0.21 -0.49 
Glucose Fasted 0.04 -0.28 0.36 0.07 -0.11 
 Fed 0.06 -0.02 0.29 0.29 -0.12 
 Difference 0.03 0.24 -0.10 -0.08 -0.07 
Insulin Fasted 0.26† 0.18 0.64† -0.45 0.21 
 Fed -0.02 -0.18 0.02 -0.65† 0.27 
 Difference -0.28† -0.48 -0.42 0.26 -0.04 
Lipemic Fasted 0.02 0.26 -0.36 0.05 -0.41 
 Fed 0.10 -0.34 0.76* 0.28 -0.09 
 Difference -0.02 -0.36 0.74† 0.05 0.06 
TG Fasted 0.004 0.22 -0.25 -0.29 -0.49 
 Fed -0.04 -0.07 -0.39 0.02 -0.64* 
 Difference -0.13 -0.23 -0.24 -0.16 -0.44 
NEFA Fasted -0.15 -0.30 -0.39 -0.08 -0.07 
 Fed 0.01 -0.32 0.24 0.43 -0.003 
 Difference 0.14 0.25 0.l43 0.27 0.05 
GIR Fasted 0.36* 0.43 -0.29 -0.05 0.22 
 Fed 0.42** -0.74* -0.09 -0.28 0.59† 
 Difference 0.12 -0.64† 0.23 -0.41 0.69* 
1
 BUN = blood urea nitrogen; Creat = creatine kinase; TG = triglyceride; NEFA = non-
esterified fatty acid; GIR = glucose to insulin ratio. 
2
 Fed and fasted states. Difference is the fed state minus the fasted state. 
† = correlation differs from zero by 0.05 < P < 0.10. 
* = correlation differs from zero by 0.01 < P < 0.05. 
** = correlation differs from zero by P < 0.01. 
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Table 5.12. Correlations of free thyroid hormone 3 (FT3) with blood metabolite traits 
across lines and treatments and within each line by treatment group. 
Trait
1
 State
2
 Overall 
Low RFI line Control line 
Maintenance Ad-
libitum 
Maintenance Ad-
libitum 
BUN Fasted 0.19 0.24 0.60† -0.07 0.26 
 Fed 0.07 0.31 0.38 -0.003 0.07 
 Difference -0.18 0.43 -0.67† -0.15 -0.25 
Protein Fasted 0.32 -0.05 -0.61 0.32 0.06 
 Fed 0.21 -0.04 -0.58 0.21 0.09 
 Difference -0.31 0.02 -0.18 -0.32 -0.44 
Creat Fasted -0.15 -0.49 -0.35 0.19 0.57† 
 Fed -0.20 -0.43 -0.22 -0.31 -0.14 
 Difference -0.15 0.32 0.11 -0.59 -0.39 
Glucose Fasted -0.15 -0.68* 0.13 -0.57† 0.54 
 Fed -0.20 -0.50 0.11 -0.43 0.11 
 Difference -0.12 -0.09 -0.03 0.23 -0.52 
Insulin Fasted -0.07 -0.08 -0.08 0.18 -0.15 
 Fed 0.20 -0.28 0.54 -0.05 0.59† 
 Difference 0.35* -0.25 0.79* -0.41 0.54† 
Lipemic Fasted 0.25 -0.20 0.19 0.38 0.31 
 Fed -0.39* -0.04 -0.50 -0.37 -0.62† 
 Difference -0.41* 0.05 -0.73† -0.46 -0.55 
Triglyceride Fasted 0.38* 0.03 0.56 0.54 0.29 
 Fed 0.14 -0.66* 0.69† 0.18 -0.06 
 Difference -0.12 0.49 0.18 -0.08 -0.22 
NEFA Fasted 0.03 -0.01 -0.12 0.57 -0.37 
 Fed -0.37* -0.60† -0.11 -0.62† -0.39 
 Difference -0.09 -0.13 0.11 -0.73* 0.41 
GIR Fasted 0.29† 0.33 0.44 -0.46 0.35 
 Fed 0.21 -0.35 0.67† -0.21 0.26 
 Difference -0.04 -0.34 0.31 0.53 -0.09 
1
 BUN = blood urea nitrogen; Creat = creatine kinase; NEFA = non-esterified fatty acid; 
GIR = glucose to insulin ratio. 
2
 Fed and fasted states. Difference is the fasted state minus the fed state. 
† = Correlation differs from zero by 0.05 < P < 0.10. 
* = Correlation differs from zero by 0.01 < P < 0.05. 
** = Correlation differs from zero by P < 0.01. 
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Table 5.13. Correlations of carcass fat percent with blood metabolite traits across lines 
and treatments and within each line by treatment group. 
Trait
1
 State
2
 Overall 
Low RFI line Control line 
Maintenance Ad-
libitum 
Maintenance Ad-
libitum 
BUN Fasted 0.64** 0.73* 0.18 0.71† 0.56 
 Fed 0.78** 0.72* -0.03 0.68† 0.46 
 Difference 0.51** 0.24 -0.31 0.14 -0.14 
Creat Fasted -0.58** 0.31 -0.65† -0.16 0.14 
 Fed -0.43* -0.12 -0.005 0.24 -0.09 
 Difference 0.06 -0.69† 0.48 0.31 -0.35 
Glucose Fasted 0.06 -0.19 0.51 -0.50 0.29 
 Fed -0.17 -0.35 -0.006 -0.62† -0.18 
 Difference -0.15 -0.27 -0.40 -0.19 -0.30 
Insulin Fasted 0.28 0.42 -0.33 0.24 0.29 
 Fed 0.20 0.49 0.70† 0.10 0.49 
 Difference -0.10 0.44 0.83* -0.25 -0.0004 
Lipemic Fasted -0.03 -0.76* 0.38 0.58 0.10 
 Fed 0.16 0.42 -0.09 -0.09 -0.03 
 Difference 0.09 0.63 -0.96** -0.44 -0.08 
Triglyceride Fasted 0.35† 0.45 0.40 0.95** -0.41 
 Fed 0.45* -0.04 0.44 0.69† -0.22 
 Difference 0.27 -0.38 0.03 0.13 0.12 
NEFA Fasted -0.15 -0.17 -0.51 -0.04 -0.49 
 Fed -0.16 -0.37 0.18 -0.21 0.08 
 Difference 0.09 0.09 0.53 -0.09 0.46 
GIR Fasted 0.71** -0.24 0.73* 0.38 0.28 
 Fed 0.76** -0.11 0.87* 0.20 0.49 
 Difference 0.40* 0.15 0.43 -0.28 0.46 
1
 BUN = blood urea nitrogen; Creat = creatine kinase; NEFA = non-esterified fatty acid; 
GIR = glucose to insulin ratio. 
2
 Fed and fasted states. Difference is the fasted state minus the fed state. 
† = Correlation differs from zero by 0.05 < P < 0.10. 
* = Correlation differs from zero by 0.01 < P < 0.05. 
** = Correlation differs from zero by P < 0.01. 
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Table 5.14. Correlations of carcass fat percent with thyroid hormones across lines and 
treatments and within each line by treatment group. 
Trait
1
 Overall 
Low RFI line  Control line 
Maintenance Ad-libitum Maintenance Ad-libitum 
FT3 0.09 0.722* 0.559 0.29 0.231 
FT4 0.33** 0.363 -0.465 -0.29 0.271 
† = Correlation differs from zero by 0.05 < P < 0.10. 
* = Correlation differs from zero by 0.01 < P < 0.05. 
** = Correlation differs from zero by P < 0.01. 
 
